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Preface 


This  report  presents  the  results  of  a  study  by  Working  Group  12  of  the  Fluid  Dynamics  Panel  of  AGARD  on  adaptive- wall 
wind  tunnels.  The  participants  in  WGI2  represented  Canada,  France,  Germany,  Italy,  Netherlands,  Turkey,  United  Kingdom 
and  United  States. 


The  driving  force  in  the  development  of  adaptive-wall  wind  tunnels  is  the  improvement  of  the  accuracy  of  experimental 
results  obtained  in  a  wind  tunnel  of  given  size  by  virtually  eliminating  wall  interference.  This  is  achieved  by  the  shaping  of 
impermeable  walls  or  adjusting  the  distribution  of  flow  through  ventilated  walls  to  conform  as  nearly  as  possible  to  a  stream- 
surface  of  the  associated  unconfined  flow.  Wall  adaptation  has  become  realistic  through  the  development  of  fcst  computers.  It 
rcp';-cnfs  an  outstanding  example  of  the  symbiosis  of  experiment  and  computation. 

Wall  interference  is  most  critical  in  the  transonic  speed  range,  on  which,  accordingly,  the  Working  Group  has  concentrated 
its  activities.  The  scope  of  WG 1 2  is  to  review  the  history  and  state  of  the  art  of  adaptive-wall  technology,  with  regard  to  both  the 
various  streamlining  algorithms  and  the  existing  adaptive-wall  facilities:  to  discuss  limitations  and  open  questions  of  adaptive- 
wall  methods  and  to  compare  them  with  passive-wall  correction  techniques:  to  assess  residual  wall  interferences:  to  present  the 
prospects  for  high-productivity  and  unsteady  flow  testing  with  adaptive  walls:  and  to  make  recommendations  for  future 
developments. 


The  Working  Group  was  first  proposed  by  M.Laster  (AEDC)and  H.Ilomungbut,  by  the  time  it  was  approved,  Laster  was 
just  leaving  the  Fluid  D^amics  Panel.  Unfortunately,  it  was  also  not  possible  to  extend  the  membership  of  R.Kilgore  (NASA 
Langley  RC),  who  would  have  made  an  ideal  chairman  for  the  Working  Group  and  has  given  extensive  support  to  it  throughout 
its  term.  The  chairmanship  thus  devolved  on  H.Hornung,  who  was  persuaded  to  stay  on  the  Panel  as  a  member  for  Germany  for 
the  duration  of  WG  12's  activities,  though  he  had  moved  to  Caltech  almost  at  the  beginning. 

The  Working  Group  derived  considerable  benefit  from  the  existence  of  the  Newsletter  “Adaptive  Wall"  published  by 
NASA  Langley  RC.  Clearly,  this  has  provided  an  important  vehicle  for  interchange  of  ideas  in  this  field  and  it  is  hoped  that  it 
will  continue  to  play  this  invaluable  role. 

The  Working  Group  has  held  four  meetings: 


October  1987 
April  1988 
October  1988 
April  1989 

The  participants  were 

J.P.Chevallier 

C.Ciray 

J.C.Erickson,  Jr 

H.Fdrsching 

MJ.Goodyer 

H.G.Homung 

C.L.Ladson 

A.Mignosi 

M.Mokry 

G.P.Russo 

J.Smith 

E.Wedemeyer 


Gottingen,  Federal  Republic  of  Germany 

Toulouse,  France 

Ankara,  Turkey 

Hampton,  VA,  United  States 
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Avant-Propos 


Ce  rapport  pr^me  les  resultats  de  I'etude  effectuee  par  le  groupe  de  travail  12  du  Panel  AGARD  de  la  Uynamique  des 
Fluides  sur  les  souffleries  a  paroi  adaptable.  Ont  participe  a  ce  groupe  des  reptesentants  du  Canada,  de  la  France,  de  la 
Republique  Federate  dAllemagne,  de  Htalie,  des  Pays  Bas,  de  la  Turquie,  du  Royaume-Uni  et  des  Etats  Unis. 

Le  but  recherche  dans  le  developpement  des  souffleries  a  paroi  adaptable  est  d’ameliorer  la  precision  des  resultats 
experimentaux  obtenus  par  une  soufflerie  d'une  taille  donnec  en  eliminant  pratiquement  tous  les  effets  de  paroi.  Ceci  est 
obtenu  soit  par  le  profilage  de  parois  etanches,  soit  par  la  modulation  de  I'ecoulement  a  travers  des  parois  ventilees  afin  de 
reproduire  au  inieux  une  surface  de  courant  de  I’ecoulement  associe  non  confine.  L'adaptation  de  la  paroi  est  devenue  une 
pos.sibilite  grace  a  la  mise  au  point  des  ordinateurs  rapides.  Elte  lepiesente  un  exemple  remarquable  de  la  symbiose  entre 
I'experimentation  et  le  calcul. 

Les  effets  de  paroi  som  les  plus  critiques  dans  la  plage  des  vitesses  transsoniques  et  par  consequent,  la  plupart  des  activites 
du  groupe  de  travail  ont  porte  sur  ce  domaine.  Le  mandat  du  groupe  de  travail  No.  12  est  le  suivant: 

—  faire  le  point  de  I'historique  et  de  I'etat  de  Part  de  la  technologie  des  parois  adaptables  en  paniculier  en  ce  qui 
conceme  les  differents  algorithmes  utilises  pour  le  calcul  des  lignes  de  flux. 

—  discuter  des  limitations  imposes  et  des  questions  qui  restent  a  resoudre  dans  le  domaine  des  methodes  a  parois 
adaptables,  et  d'en  faire  la  comparaison  avec  les  techniques  de  collection  a  parois  passives. 

—  evaluer  les  effets  de  paroi  residuels. 

—  presenter  les  perspectives  en  ce  qui  conceme  I'optimisation  du  rendement  ainsi  que  la  realisation  d'essais  en 
ecoulement  instationnaire  au  moyen  de  parois  adaptables. 

—  et  faire  des  recommandations  concemant  les  futurs  travaux. 

Le  groupe  de  travail  a  ete  propose  a  I'origine  par  M.Laster  (AEDC)  et  M.Homung  mais  I'approbation  n'a  ete  obtenue  que 
tardivement  au  moment  ou  M.Laster  allait  quitter  ses  fcnctions  aupr«  du  Panel  de  la  Dynamique  des  Fluides. 
Malheureusement,  il  n'a  pas  ete  possible  non  plus  d'obtenir  la  prolongation  du  mandat  de  M.R.Kilgorc  (NASA  Langley  RC)  qui 
eut  ete  un  president  id^  et  qui  a  soutenu  ce  groupe  d'ailleurs  tout  au  longde  son  existence.  La  pr^idence  de  ce  groupe  a  done 
ete  confiM  a  M.Homung  qui  a  ete  persuade  de  rester  au  Panel  en  tant  que  membre  representani  le  RFA  pendant  la  duree  des 
acn'vites  du  groupe  de  travail  No.  1 2.  et  ceci  bien  qu'il  ait  eu  a  assumerses  fonclions  a  Caltech  conjointement  avec  le  debut  des 
travaux  du  groupe. 

Le  groupe  de  travail  a  puise  librement  dans  le  bulletin  "Adaptive  Wall"  publie  par  NASA  Langley  RC.  Cette  publication 
sett  de  forum  pour  un  echange  de  connaissances  dans  ce  domaine  et  H  est  a  esperet  qu'elle  continue  a  jouer  ce  role  de  route 
premiere  importance. 

Le  groupe  de  travail  s'est  reuni  quatre  fois: 

octobre  1987  Gottingen,  Republique  Federate  d'Allemagne 

avril  1988  Toulouse,  France 

octobre  1988  Ankara,  Turquie 

avril  1989  Hampton,  VA,  Etats  Unis 

Les  participants  etaient: 

J.P.Chevallier 
C.Ciray 

J.Cfridtson,  Jr 
H.Fdrscfaing 
MJ.Goodyer 
H.GiJomung 
C.LXadson 
AMignosi 
M.Mokiy 
G.Pilusso 
J.Smith 
E.WMlenieyer 


France 

TXirquie  (FDP  membre) 

Etats  Unis 

Republique  FMetale  d'Allemagne  (SMP  membre) 
Rr^ume-Uni 

Republique  F^erale  d'Allemagne  (FDP  membre,  prnident) 

Etats  Unis 

France 

Canada 

Italie 
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Republique  FMerale  d'Allemagne 
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t.  The  Aims  and  Hiitorv  of  Adaotiv  Wa»  Wind  Tunnels 
Editor:  M  J.  Goodyer 

Other  Contributors:  J.P.  Chevallier.  J.  Erkkson.  M-C.  Lewis  (University  of  Southampton), 
P.B.S.  Lissaman,  H.H.  Pearcey  (NPL).  E.W.E.  Roger.  MPL),  W.F.  Hilton  (NPL) 


1.1  Introduction 


The  adaptive  wall  test  section  has  its  roots  in  the  era 
when  flight  speeds  were  beginning  to  approach  transonic  on 
the  level  or  m  dives,  that  is  the  I930's-  The  engineers  who 
were  charged  with  looking  ahead  to  the  aircraft  designs  of 
the  near  future,  designs  drawing  on  the  most  advanced 
technologies  available,  among  their  various  challenges  had 
to  provide  data  on  aerodynamic  performance  at  the  high 
speeds  of  projected  military  aircraft 

6y  the  mid  1930‘s  there  was  already  a  fund  of 
experience  available  to  some  countries  and  design  teams, 
notably  arising  from  the  Schneider  competiton  series  which 
had  just  concluded,  during  which  time  fuels,  piston  engines 
with  propellers,  airframe  structures  and  aerodynamics,  had 
all  advanced  to  a  remarkable  extent  under  the  stimulus  of 
competition.  This  is  evidenced  by  the  world  speed  record 
increasing  by  S0%  during  the  decade  to  193S,  from  Mach 
0.38  to  Mach  0.58  in  level  flight,  with  the  record  held  much 
of  the  time  by  sea  planes.  In  addition,  although  the  records 
were  set  exclusively  by  piston  engine  powered  propeller 
aircraft,  various  forms  of  jet  propulsion  were  under 
consideration  which  were  to  emerge  very  soon  in  military 
service,  such  as  the  gas  turbine  based  jet  engine,  the  pulse  jet 
and  the  rocket.  Speed  was  a  prime  goal  with  war 
increasingly  In  prospect.  The  aerodynamicists  had  to 
attempt  to  provide  experimental  data  at  appropriately  high 
speeds,  speeds  which  varied  between  projects  from  high 
subsonic  to  supersonic 

During  the  following  few  years  this  climate 
spawned  a  variety  of  new  wind  tunnels  Quite  quickly  and 
relatively  easily  (albeit  at  rather  a  small  scale  because  of  the 
cost  implications  of  the  high  levels  of  drive  power)  the 
supersonic  needs  were  satisfied  at  Mach  numbers  upwards 
from  about  1.4.  The  low-^-  bound  was  set  by  the  dual 
problems  of  wave  reflection  from  the  walls  of  the  test 
section  and  the  difficulty  of  starting  a  tunnel  when  using 
reasonably  sized  models  Tests  at  subsonic  speeds  in  the 
main  were  carried  out  in  tunnels  of  conventional  design, 
that  is  in  tunnels  having  convergent  contractions  and  closed 
test  sections.  The  upper  limit  in  Mach  number  in  these 
tunnels  was  typically  around  Mach  0.8,  set  by  choking.  Thus 
a  dilemma  emerged;  a  desire  to  acquire  test  information  in  a 
speed  range,  the  transonic  range,  which  evidently  was 
unobtainable  in  the  closed  wind  tunnel. 

The  unobtainable  band  of  Mach  number,  say  from 
0.8  to  1.4.  arose  because  of  effects  of  the  proximity  of 
straight  test  section  walls. 

Rarely  is  there  the  absolute  block  to  progress  just 
suggested  The  aerodynamicist  could,  and  did,  turn  to 
several  alternatives  which  were  free  from  boundary 
restrictions,  such  as  free-flight  testing  of  various  kinds,  and 
the  testing  of  models  mounted  on  high  speed  sleds 
However  the  quality  of  data  thus  derived  was  not  of  a  high 
order  and  neither  was  it  easily  or  cheaply  obtained  There 
was  strong  pressure  to  modify  the  wind  tunnel  to  allow  tests 
to  be  performed  at  higher  speeds  than  normal,  in  particular 
on  aircraft  models  at  speeds  significantly  above  those 
'eached  by  the  latest  fighters. 


The  decade  following  1935  was  punctuated  by  the 
appearance  of  a  variety  of  designs  of  test  section  intended  to 
make  this  upward  extension 

The  open-jet  tunnel  was  quite  commonly  used  in 
low  speed  testing  and.  when  driven  up  to  transonic  speeds, 
was  free  from  the  choking  phenomenon  and  therefore  could 
reach  the  desired  speeds  in  the  airstream  ahead  of  the 
model.  However  it  did  suffer  a  boundary  interference, 
c^posite  in  sign  to  that  caused  by  a  closed  test  section, 
arising  from  the  finite  size  and  boundary  condition  of  the  jet 
which  introduced  undesirable  errors  into  the  data 
Furthermore  the  flow  at  the  model  was  too  unsteady  and 
the  technique  was  abandoned  for  application  to  this  speed 
range 


1.2  The  Emergence  of  the  Adaptive  Wall  Test  Section 

The  obvious  alternative  was  to  devise  a  test  section 
which  had  boundaries  which  could  be  controlled  so  as  to 
provide  the  required  approximation  to  the  free-air 
streamtube  This  is  what  is  now  called  the  adaptive-wall  test 
section,  which  made  its  appearance  in  the  late  I930's  as  a 
direct  result  of  the  aerodynamic  difficulties  already 
described. 

The  object  of  this  historical  review  is  to  place  on 
record  the  more  important  steps  in  the  evolution  of  the 
adaptive-wall  test  section  in  its  various  forms  from  these 
early  times  up  to  about  1975  when  the  first  examples  of  all 
of  the  modern  varieties  were  well  on  their  way.  Histones  are 
always  incomplete  and  inaccurate  for  a  variety  of  reasons 
For  instance  the  volume  of  material  to  hand  forces  a 
distillation;  facts  are  overlooked  or  become  lost  with  the 
passage  of  time;  the  experience,  information  available  to 
and  the  opinions  of  the  author  colour  the  choice  of  material 
to  be  presented.  However  it  must  be  said  that  hitherto  the 
reporting  of  the  history  of  adaptive-wall  wind  tunnels  has 
been  characterised  by  more  than  its  share  of  factual 
irtaccuracies,  but  more  seriously  by  errors  of  omission  It  is 
hoped  that  this  Chapter,  assembled  with  the  help  of  several 
of  those  closely  involved  in  almost  ail  stages  of  the  evolution, 
will  be  judged  to  form  a  balanced  and  accurate  record. 

The  development  of  adaptive-wall  technology  falls 
into  two  distinct  and  roughly  20-year-long  eras,  the  first 
planning  the  period  from  the  mid  1930's  to  the  mid  1950  s, 
the  second  boginning  arour>d  1970  and  continuing  to  the 
present. 

The  initial  development  took  place  among  a  group 
of  engineers  and  scientists  at  the  National  Physical 
Laboratory  in  England,  with  the  origins  of  the  design 
traceable  back  at  least  to  1936.  In  that  year  a  brief  report 
appeared  (Reference  1.1]  in  which  the  author,  Or.  Gough  of 
the  Engineering  Division  of  NPL,  advocated  the  use  of  two 
flexilNe  walls  as  means  for  reducing  blockage  effects  in  the 
high  speed  testing  of  two-dimensional  aerofoil  models.  He 
reported  that  in  a  parallel-walled  test  section  where  Mach 
0.9S  had  been  reached  when  empty,  the  maximum  was  only 
0.76  with  a  model  present  Furthermore  the  Mach  number 


in  the  flow  downstream  of  the  model  was  noticeably  higher. 
With  some  success  he  experimented  with  the  use  of  fixed 
contoured  liners  in  the  test  section  to  relieve  the  blockage, 
reaching  Mach  0.83  upstream  and  downstream.  To  quote  an 
important  paragraph  from  the  report  on  the  work,  "It  would 
appear  that  a  different  modification  of  the  tunnel  profile 
would  be  required  for  each  different  aerofoil  section  and  for 
each  air  speed.  This  suggests  that  it  would  be  useful  to 
employ  flexible  walls  on  two  opposite  sides  of  the  tunnel. 
Flexible  walls  would  also  enable  speed  control  to  be  exerted 
by  means  of  a  variable  throat  downstream  of  the  model 

. ".  A  more  expanded  deKription  of  the  tunnel  and  the 

experiments  which  led  to  this  conclusion  appeared  in  a 
widely  available  form  [1.2]  in  February  1937.  The  tunnel  was 
duly  fitted  with  flexible  walls  and  the  first  reports  on  tests 
appeared  in  November  1937  [13]  and  September  1938  |1  4] 


FICURE1.1  THE  ORIGINAL  ADAPTIVE  WALL  WIND 
TUNNEL,  the  5  INCH  X  2  INCH  TRANSONIC 
TUNNEL  AT  THE  NPL,  ENGLAND  IN  1938 


The  first  adaptive  wall  test  section  was  2  inches 
wide  and  S  inches  deep,  the  tunnel  running  at  atmospheric 
stagnation  conditions  a  J  !  i.cn  by  a  compress^J  dir 
injector  The  narrower  walls  were  made  from  flexible  steel, 
0.01  then  later  0.015  inches  thick,  controlled  by  six  equally 
spaced  jacks  on  each  wall  The  developed  form  of  this  test 
section  is  sketched  on  Figure  1.1.  During  the  first  model 
tests,  on  three  aerofoils  with  the  walls  crudely  streamlined 
(evidently  streamlining  criteria  had  not  yet  been 
established),  reference  or  free  air  Mach  numbers  up  to  0  97 
are  recorded  at  zero  incidence.  As  a  result  of  experience 
with  this  small  tunnel,  opinions  were  formed  on  geometrical 
features  including  the  desirable  length  of  the  test  section 
and  the  jack  spacing.  The  engineers  not  only  showed  that 
higher  speeds  could  be  obtained  with  a  given  model  in  a 
flexible  tunnel  rather  than  in  a  rigid  tunnel,  but  also  that  the 
Mach  number  returned  to  the  free  air  value  downstream  of 
the  model.  They  rsoted  and  quantified  a  thickening  of  the 
wake  [1.4]  with  increase  of  Mach  number,  in  various  tests 
from  Mach  0.73  to  0.97.  as  evidenced  by  the  size  of  the  sonic 
throat  which  they  were  forming  with  the  downstream  jacks. 
The  tunnel  continued  in  use  for  many  years  and  finished  its 
days  at  Southampton  University  (1.5). 

Almost  immediately  NPL  built  a  larger  adaptive  wall 
tunnel,  also  induction  driven,  called  the  20  by  8  inch  and 
fitted  with  flexible  walls  along  the  8  inch  sides  in  fact  the 
test  section  was  nominally  1 7  S  inches  deep  by  8  inches  wide 
This  tunnel  became  a  workhorse  (1  6]  and  was  running  by 
May  1941  (1  7).  Most  of  the  testing  was  of  two-dimensional 
aerofoils  The  standard  model  had  a  5-inch  chord  and  tests 
typically  went  up  to  Mach  0  85  Usually  the  measurements 
were  of  aerofoil  pressure  distributions  and  wake  surveys, 
supplemented  by  shadowgraph,  schlieren.  and  surface  flow 
visualization.  Under  pressure  of  war  they  carried  out  an 
impressive  amount  of  high  speed  aerodynamic  work  in  this 
tunnel  To  offer  some  perspectives,  among  the  many  jobs 
was  a  test  on  a  sect>on  fitted  with  a  25  percent  control 
surface  where  about  1000  complete  pressure  distributions 


were  obtained,  representing  a  considerable  effort  for  the 
time.  Work  on  37  aerofoil  sections  is  covered  in  ,^4  wartime 
reports  [1.6]. 

Tests  on  various  three-dimensional  models  are 
reported  (1  6,  1.8),  including  bombs  and  the  Meteor  WWii 
jet  fighter.  The  test  arrangement  for  the  fighter  model  a 
shown  on  Figure  12,  and  testing  was  concerned  with  the 
interaction  of  the  flow  from  the  wing  brake-flaps  with  the 
horizontal  stabilizer  To  quote  from  the  text  covering  this 
topic.  "The  flexible  walls  of  the  tunnel  were  used  m  each 
experiment  to  give  conditions  approximating  to  the  free  air 
case". 


FIGURE  1.2.  A  GLOSTER  "METEOR"  WWII  JET  FIGHTER 
MODEL  IN  THE  20  X  8  ADAPTIVE  WALL 
TRANSONIC  TUNNEL  AT  NPL.  ENGLAND 


NPL  also  constructed  a  low  speed  flexible  walled 
wind  tunnel,  having  a  4-foot  test  section  [19],  which  was 
running  by  1944,  evidently  to  gam  large  scale  experience  fs. 
an  even  larger  tunnel  which  was  never  built. 

The  20  by  8  inch  transonic  adaptive  wall  wind 
tunnel  continued  in  service  until  around  1954  when  it  was 
supplanted  by  ventilated  types,  which  were  becoming  the 
standard  partly  because  ventilation  was  then  believed  to 
offer  an  interference-free  environment  and  partly  because, 
by  adjusting  automatically  to  changes  of  model  or  flow,  they 
were  much  more  convenient  to  use  it  is  interesting  to  note 
that  tn  tests  reported  m  1951  [1  10],  leading  to  the  adoption 
of  ventilation  by  NPL,  the  20  by  8  inch  tunnel  was  used  as  the 
standard  by  which  the  new  ventilated  designs  were  judged, 
because  the  blockage  in  the  adaptive  wall  tunnel  "...  is 
thought  to  be  negligible  ” 

As  has  already  been  suggested,  the  hypothesis 
underlying  the  adaptive  wall  test  section  is  that  a  model  is 
free  from  wall  interference  when  tested  inside  a  finite 
streamtube  which  coincides  with  a  streamtube  in  free  air 
around  the  same  model.  In  two-dimensional  flow  in  an 
impervious  test  section  a  pair  of  walls  naeds  to  follow  a 
convenient  pair  of  streamlines. 

At  the  formative  stage  NPL  were  concerned  with 
two-dimensional  tests  as  has  baen  saen,  and  the  process  of 
choosing  a  pair  of  wall  contours  which  could  be  accepted  as 


representing  streamlines  in  free  air  required  the 
development  of  a  convenient  and  practical  streamlining 
algorithm.  Their  introduction  by  NPL  seems  to  have 
progressed  through  three  stages.  The  first  was  that  used  m 
the  very  earliest  tests  in  the  S"  by  2“  tunnel  (i  4]  where  the 
method  of  streamlining  the  walls,  when  the  test  section  was 
empty  or  contained  a  model,  was  to  adjust  the  contours  " 
so  as  to  give  the  least  possible  variation  in  static  pressure 
near  the  wails,  this  being  taken  to  represent  a  near  approach 
to  free*air  conditions  “  The  principal  aim  of  the  adaptive 
wall  test  section  at  this  time  was  to  relieve  blockage,  solid 
and  wake. 

This  algorithm  was  replaced  [17]  by  a  method 
somewhat  later  attributed  [1.11]  to  an  unpublished  theory 
by  Sir  Geoffrey  Taylor.  To  quote  [17]  "It  is  intended  to 
adjust  the  walls,  when  makirtg  measurements  on  an  aerofoil, 
to  positions  half  way  between  the  taper  that  gives  uniform 
pressure  in  the  empty  tunnel  and  that  giving  uniform 
pressures  in  the  presence  of  the  aerofoil.  Theoretically  * 
though  not  allowirtg  for  compressibility  effects  which  may 
be  assumed  second  order,  at  least  until  shock  waves 
supervene  •  the  walls  should  then  very  nearly  correspond  to 
streamlines  surrounding  the  aerofoil  in  free  air.‘ 

The  third  stage  is  detailed  analytically  in  a  1944 
report  (1  12]  under  'Original  Method  for  Finite  Lift  ‘  The 
modification  to  the  second  method  arose  because  the 
necessary  step  of  adjusting  for  constant  equal  pressures 
along  both  walls  was  only  possible,  when  lift  was  present,  by 
bending  the  axis  of  the  tunnel  through  a  finite  angle  This 
was  not  possible  with  their  geometry  of  test  section  and  the 
alternative  scheme  was  adopted  of  adjustirsg  the  walls  to 
constant  pressures  differing  on  the  two  walls  by  an  amount 
depending  on  lift  The  walls  were  then  set  to  position  half 
way  between  these  contours  and  the  straight.  The  fourth 
stage  of  development  is  given  m  the  same  report  [1  12| 
under  'Revised  Method  of  Wall  Setting'  where  the  principal 
change  was  to  set  0.6  of  the  mean  constant«pressure 
displacement  from  straight,  modified  by  an  amount 
calculated  to  allow  'or  the  deflection  of  the  infinite 
flowfieid  by  the  lift  The  lift  was  obtained  from  model 
pressure  plotting  or  from  wall  pressures 

It  should  be  mentioned  here  that  two  researchers 
who  were  heavily  involved  with  using  the  20  by  8  tunrsel 
from  around  1942  onwards  (Or.  E.W.E.  Rogers  ar>d  Professor 
Pearcey)  stated  in  recent  diKu»ions  that  they  did  rsot 
recall  the  use  of  the  fourth  stage.  Their  recollection  was  of 
the  third  stage  algorithm,  but  with  the  walls  moved  0.6  of 
the  way  towards  constant  pressure. 

The  stream(inir>g  criteria  used  by  NPl  were  based  on 
the  outcome  of  analyses  of  potential  flowfields. 
Computations  of  imaginary  flowfields  coupled  with  the 
ite  <*ivc  convergence  to  streamlines,  a  feature  of  most 
modem  adaptive  wall  operations,  would  have  been  too 
laborious  to  contemplate.  It  is  ironic  that  binary  code 
electronic  digital  computers  were  in  regular  use  for 
deciphering  at  that  time  just  50  miles  away  at  Btetchtey  Park, 
but  were  highly  classified  and  not  available  for  general  use. 

The  aim  of  these  researchers,  to  make  the  walls  of 
tile  test  section  follow  closely  the  streamlines  which  would 
have  existed  in  their  locations  when  the  model  was 
immersed  in  an  infinite  flowfieid,  forms  a  common  and 
principal  thread  throughout  the  development  of  adaptive 
wall  techniques.  Further,  as  aerodynamic  testing  is  taking 
place  because  viKOUs  flows  cannot  computed  reliably,  no 
attempt  is  made  to  compute  the  shapes  of  streamlines 
around  a  model. 

Several  of  those  at  NPL  during  this  period 
(Dr.  Rogers.  Professor  Pearcey  and  Dr.  W.F.  Hilton)  drew 
attention  to  a  corsftructionel  feature  of  the  20  x  6  tunnel 
which,  with  the  benefit  of  hindsight,  can  be  seen  to  have 
had  an  aerodynamic  consequence.  The  two  flexible  walls 
were  each  formed  from  th^  lorsgitudinal  strips  of  steel. 
0.02  inches  thick.  The  ability  of  this  material  to  withstand  an 
aerodynamic  load  was  recognised  as  being  limited  arsd 
therefore  some  pressure  relief  was  built  into  the  design  of 
the  tunrsel.  Thus,  in  practice,  the  test  section  region  was 


vented  to  plenum  chambers  lying  behind  the  flexible  walls, 
and  the  venting  took  the  form  of  longitudinal  slots. 
0.02irsches  wide  [1  13],  between  each  strip  and  also  along 
the  edges  where  the  flexible  walls  approached  the  rigid 
sidewalls  The  four  slots  thus  formed  had  an  open  area  ratio 
of  about  1H  ft  was  noted  [i  14)  that  the  choking  Mach 
number  with  straight  walls  was  higher  than  expectation  but 
at  that  time  the  phenomenon  was  not  associated  w'th  the 
existence  of  the  slots  Their  significance  in  this  respoci 
became  apparent  only  after  slotted  test  sections  emerged 
for  transonic  testing 

It  was  discovered  at  the  end  of  the  war  that  a  targe 
transonic  wind  tunnel  had  been  built  in  Germany  (at 
Ottobrunn  near  Munich)  variously  described  as  having  a  3 
metre  [1.15),  9  foot  [1  16)  and  7  foot  [1.17]  test  section  with 
flexible  walls  at  the  top  and  bottom,  adjusted  by  screw  jacks 
The  second  of  these  references  states  that  'Although  the 
possibility  of  modifying  wind  tunnel  corrections  in  this  way 
hed  been  borrw  in  miruj,  the  main  object  of  the  Munich 
tursnel  was  rather  to  control  the  position  of  the  shock-wave 
to  a  point  in  th#  tunnel  well  dowmt'esm  of  the  model,  by 
introducing  a  throat  thert.  In  this  way.  speeds  much  nearer 
the  speed  of  sound  at  the  model  were  anticipated  .'  The 
tunnel  was  complete  but  had  run  only  for  five  hours, 
reaching  Mach  0  85  From  th#  foragoing  it  stems  possible 
that,  given  time,  ihe  users  of  this  tunnel  might  have 
gradually  develops  interferer^ce-alleviation  methods. 

In  France  a  small  wind  tunnel  [1  18)  was  operated 
using  more-or-less  adaptive  principles  The  sonic  wind 
tunnel  of  the  Fluid  Mechanics  institute  of  Lille  (IMFI ),  built  in 
1948.  had  a  rectangular  test  section  (0  04m  x  0  24m  x  0  6m) 
equipped  with  deformable  top  and  bottom  wails  (seven 
jacks  for  each  wall) 

To  be  used  >n  the  transomc  range  this  wind  tunnel 
was  fitted  with  two  slotted  walls  and  two  deformable 
counter-plates  berund  them  to  control  the  secondary  flow  m 
the  (Menum  chamber  To  determine  the  best  adjustment  of 
tilt  counter-plate  shape,  two  similar  models  were  used 
During  a  first  test  with  a  small  model,  a  great  number  of 
pressure  measurements  on  the  lateral  wail  gave  the  Mach 
number  distribution  on  the  line  corresportding  to  th*  wall 
relative  position  for  a  larger  model.  During  a  second  test 
with  the  large  model  in  the  test  section,  jack  positions  may 
be  found  to  obtain  the  same  Mach  number  distribution 
along  the  floor  and  ceiling. 

The  same  device  and  this  method  are  also  used  in  a 
wind  tunnel  of  the  St.  Cyr  institute. 

While  the  NPL  adaptive  wall  tunnels  continued  in 
serwee  for  another  ten  years  until  the  mid  I950's,  as  far  as 
the  evolution  of  adaptive  wall  techniques  is  concerned  there 
is  little  more  to  report  aside  from  some  NPL  tests,  at  Mach 
numbers  up  to  unity,  on  swept  wing  panels  spanning  the  test 
sect)on(1.19, 1.20]. 


1.3  Tin  Mainninat  of  tht  Mcdem  En.  cUTO  to  UTS 

Between  the  two  periods  of  activity  on  adaptive 
walled  wind  tunnels  there  were  about  15  years  when  the 
ventilated  desigr>s  were  used  exclusively  and  very  widely  in 
transonic  tasting.  Work  of  any  kind  with  the  flexible  walled 
wind  tunnels  was  diKontinued.  However  the  early  hopes  for 
zero  wall  interference  with  ventilated  test  sectiom  were  not 
realised  ar>d  the  practice  developed  of  estimating  and 
applying  corrections  to  the  measured  data  Sometimes  the 
corrections  were  disturbingly  large  in  the  light  of  the 
uncertainties  of  the  boundary  conditions,  notably  in  tests 
near  to  the  speed  of  sound  with  three  dimensional  models 
and  more  generally  in  two  dimensional  testing 
Simultaneously  the  staridards  desired  from  tunnel  data  were 
rising  and  the  various  sources  of  imperfection  in  the  test 
environment  came  under  Krutiny.  including  high  turbulerKe 
and  noise,  low  Reynolds  number,  support  interference  as 
well  as  well  interference,  in  two  research  etteblitiiments  at 
least,  (1.21. 1 .221.  there  wet  also  corKem  ever  the  volume  of 
the  ^enum  chamber  which  is  e  feature  of  ver>tiletion.  This 
environment  led  to  the  emergence  of  ti>e  Adaptive  Well . 
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Tht  aims  of  tha  naw  dasigns  of  tast  saction  wara 
now  somawhat  diffarant.  coloorad  by  tha  axpariancas  of 
racant  times.  Tha  dominant  aim  ramamad  tha  control  of 
wall  intarfaranca  at  high  subsonic  speeds  which  drove  to 
tha  adaptive  wall  in  tha  first  imtanca.  but  m  soma  cases  the 
aims  now  included  new  but  lower  priority  features.  The 
elimination  of  tha  planum  is  one  axampla  Tha  reduction  of 
turbulence  by  tha  elimination  of  ventilation  is  another.  In  all 
cases  tha  groups  devised  new  wall  streamlining  algorithms 
based  on  tha  computational  methods  now  available,  which 
allowed  tha  quantification  as  wall  as  tha  reduction  of 
intarfaranca 

Tha  development  of  new  tast  sections  proceeded 
with  two-dimensional  models  as  tast  articlas,  in  tast  sactions 
having  two  plana  walls  and  two  walls  modified  to  the 
adaptive  mode 

In  raadirig  tha  following  accounts  of  events  tha 
total  dominance  at  that  time  of  tha  ventilated  tast  saction 
should  be  borne  m  mmd,  also  that  the  generation  of 
aarodynamicists  which  had  struggled  with  alternatives 
before  adopting  ventilation  and  who  ware  familiar  with 
soma  of  those  alternatives,  had  moved  on.  quite  often  into 
retirement  It  may  not  be  excusable  but  the  younger 
researchers  addressing  the  above  problems  were  not  aware 
of  the  other  transonic  tast  section  design  options  which  had 
already  bean  investigated.  They  began  to  reinvent.  This 
despite  the  fact  that  unclassified  material  was  readily 
available  describing  the  alternatives,  it  seems  likely  that 
genuine  remvention  occurred  in  several  places  over  a  few 
years  centered  on  about  1970.  more-or-less  simultaneously 
and  more  certainly  independently  That  is  rust  to  suggest 
that  the  modern  tunnels  do  not  feature  any  originality,  quite 
the  contrary  A  common  feature  of  the  modern  wind 
tunnels  was  the  computation  of  mviscid  flowfields  exterior 
to  the  test  section,  a  subject  which  is  expanded  upon  m 
Chapters  3  and  4 

At  that  time  there  were  various  phrases  used  to 
describe  the  concepts  but  which  have  rtow  fallen  from  use. 
such  as  Self  Correctirsg  and  Self  Streamlining  From  hereon 
in  .his  report  the  concepts  will  be  grouped  under  the  more 
familiar  Adaptive  Wall  heading 

In  the  light  of  the  independence  of  actions  it  is  not 
proposed  to  explore  the  contentious  issue  of  claims  for 
which  person  or  which  organisation  was  the  'first",  partly 
because  a  claim  would  deper>d  on  the  measure,  such  as  the 
first  to  propose  or  the  first  to  build  It  appears  that  six 
researchers  were  involved  as  principals  m  this  period. 
Following  IS  a  brief  chronology  of  events  derived  from 
discussions  ar>d  publications.  The  order  in  which  they  are 
presented  is  alp^betical  The  institutions  are  those  with 
which  they  were  associated  at  the  trrrte. 

J.P.  CHEVALUER.  ONERA 

In  1970  the  AQARO  expert's  meeting  on  "engine 
airplane  interfererKe  m  transonic  tests  and  wir>d  tunnel  wail 
irrterfererKe  for  airplane  with  lift  in  transonic  tests'  showed 
clearly  the  state  of  the  art  ar>d  its  drawbacks 

Working  on  this  subjea  Professor  Chevallier  tried  to 
overcome  the  Mach  number  limitation  inherent  to  the  lir^ear 
theory  by  using  a  small  transonic  perturbation  code, 
following  the  publications  of  Murman  and  Cole  (t  23), 
Krupp  (1  24),  It  was  provided  by  Chattot  and  published  later 
[t  251 

To  compute  the  perturbation  field  due  to  the  wail, 
the  difference  between  the  streamlines  m  the  unlimited  aruf 
limited  flows  was  introduced  at  the  wind  tunnel  boundary 
[Y  2€|  This  promised  to  take  into  account  the  real  behaviour 
of  the  transverse  component  of  the  flow  even  with  the 
development  of  boundary  layers  along  perforated  walls,  but 
it  became  evident  that  an  active  control  of  the  tramverse 
flow  was  necessary  to  reduce  the  interference  Since  the 
code  used  to  cornice  the  airfoil  field  provided  numericaliy 
the  functional  relationship  between  the  two  perturbation 
components  as  well  rn  an  external  flow  field  extended 


without  limits,  the  complete  concept  of  the  active  boundary 
control  was  proposed  m  a  short  internal  note  m  July  1972 
11271 

The  different  means  for  applying  the  new  concept 
with  perforated  or  solid  walls  was  discussed  but  without  any 
proof  of  convergence  of  the  iterative  adaptation  process 

During  the  end  of  1972  and  the  beginning  of  1973, 
as  it  was  requested  to  demonstrate  the  feasibility  of 
trarvsonic  tests  with  adaptation,  a  numerical  simulation  was 
attempted  and  almost  a  year  was  devoted  to  this  tedious 
task,  since  the  internal  flow  field  computations  had  a  poor 
convergence 

From  the  end  of  Y973  to  mid  1974  a  small  wind 
tunnel  ($4LCh-ONERA  Chalais-Meudon)  was  equipped  with 
two  deformable  walls  (1  28).  The  tests  performed  during 
autumn  1974  on  an  existing  model  (NACA  64A010  at  M  = 
0.866)  led  to  positive  conclusions 

These  encouraging  results  were  presented  at  an 
AGARD  Mini-Laws  Group  Symposium  on  the  transonic  test 
section  (ONERA  •  France  5-6  Sept  1974)  [i  29],  and  also  at 
the  'Groupe  Sectonel  Franco-Sovietique  Aeronautique'  m 
November  and  during  a  technical  discussion  on  10  Decemtser 
1974 

From  the  end  of  1974  to  mid  1975  more  experience 
was  acquired  by  using  in  S4LCh  the  NACA  64A010  airfoil  at 
6^  of  angle  of  attack  and  different  Mach  numbers  and  the 
following  topics  were  studied:  how  to  define  the  reference 
conditions  without  an  empty  tunnel  calibration,  how  to 
work  with  an  internal  supersonic  region  extending  from  wall 
to  wall,  what  are  the  consequences  of  some  defects  of 
adjustment. 

In  October  Y97S,  J.P  Chevallier  presented  the  paper 
'Soufflerie  transsonique  i  parois  auto-adaptables’  at  the 
AGARO  Symposium  on  Wind  Tunnel  Design  and  Testing 
Techniques  in  London  (1  28).  This  paper  included  all  the 
results  of  the  initial  demonstration  experiments 

Antonio  FERRI.  New  York  University 

An  AGARD  report  ©1  December  1972  contams  the 
statement  (i  30  p22]  by  Fern  that  he  proposed  a  concept  of 
adaptive  wafts  m  1970,  the  statement  suggesting  that  he 
might  have  in  mmd  the  notion  of  variable  porosity  To 
quote  ”  we  can  change  locally  the  poros>iy  at  the  wall  m 
order  to  decrease  the  interference,  provided  we  are  capable 
of  analyimg  what  happened  "  This  was  made  at  a  point  in  a 
diKussion  where  attention  had  been  drawn  to  the  severe 
interference  existing  m  ventilated  test  sections  at  speeds 
close  to  Mach  1,  which  was  limiting  the  size  of  models  and 
therefore  attainable  Reynolds  numbers  Reduction  of 
interference  was  seen  as  a  way  to  relieve  the  problem 

In  January  1973  an  article  appeared  m  the  AIAA 
Journal  [1  31]  in  which  he  gave  the  theoretical  outline  of  a 
general  correction  method  for  ventilated  transonic  test 
sections  F-e  forecast  two  alternative  applications  the 
determination  of  porosity  characteristics  which  eliminate 
interference  or  the  calculation  of  wail  :orrections  The 
application  of  the  analysis  would  require  the  experimental 
determination  of  streamline  deflection  and  pressure  near 
the  tunnel  walls 

In  February  1973  Fern  and  his  co-workers  issued  a 
prelimirsary  report  [l  32]  on  tests  earned  out  m  a  IS-mch 
square  slotted  test  section  at  the  Flight  Dynamics  Laboratory, 
under  contract  to  the  AFOSR  and  ONR  Two-dimensional 
circular  arc  sections  were  tested  at  zero  angle  of  attack  and 
the  Mach  numbers  of  0  91  and  0.95,  with  measurements  of 
their  pressure  distnbutiom.  Measurements  were  also  mad# 
of  static  pressure  and  flow  angularity  using  probes 
positioned  inside  the  test  section  near  tf>e  walls  The  data 
allowed  estimates  to  be  made  of  the  required  wall  porosity, 
or  the  venation  in  tunnel  cross  sectional  area,  required  fw 
interference-free  flow.  The  research  effort  was  continued 
|1  )9],  still  using  ventilation  by  means  of  longitudirtal  slots, 
with  the  test  conditions  eirtended  to  include  lifting  cases 
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Th«  wall  intarfaranca  was  modifiad  by  adding  strips  of  tape 
to  approximata  to  a  contour  calculate  from  maasuramants 
to  giva  zaro  intarfararKa  at  zaro  angla  of  attack 

Michaal  J.  GOOOYER,  NASA  Langlay  Rasaarch  Cantar  artd 
Southampton  Univarsity 

Magnatic  suspartsion  systams  for  wind  tunnals  wara 
in  usa  at  small  scalas  at  that  tima  for  tasting  thraa 
dimansional  models  at  subsonic  speeds  and  up  to  hypersonic 
speeds  but  excluding  the  transonic  range  above  about  Mach 
0.8.  A  group  at  Langley  Research  Cantar  were  reviewing 
future  work  on  the  development  of  magnatic  suspension 
and  addressed  transonic  testing.  A  major  concern  with  the 
trar>sor>ir  speed  range  was  the  size  and  cost  of  the  levitating 
electromagnets  positioned  arournf  the  test  section  These 
dominate  system  cost  which  becomes  a  strong  function  of 
the  air  gap  between  the  magr>ats  arxi  the  modal,  and  the 
dynamic  pressure  of  tests  The  planum  chamber,  associated 
with  all  transonic  tunnels  at  that  time,  increased  the  air  gap 
and  therefore  cost  predictions  at  a  time  when  the  testing 
community  was  striving  for  much  higher  Reynolds  numbers. 
Itself  driving  up  scale,  dynamic  pressures  and  cost 

Goodyer  reviewed  the  reasons  for  the  slotted  test 
sections  in  use  at  Langley  Field  and  came  to  the  conclusion 
that  they  and  their  plenum  chambers  could  be  replaced  in 
principle  by  suitably  contoured  solid  walls,  thus  allowing  the 
electromagnets  to  be  positioned  more  closely  to  the  model 
The  idea  was  quickly  embodied  in  the  simpler  alternative  of 
two-dimensional  testing  for  immediate  experimental 
exploitation,  the  ideas  being  placed  on  record  at  Langley 
Field  during  July  1972  ("TrarHonic  Test  Section  Design",  10 
July  1972,  artd  'Self-Adapting  Flexible  Test'Section  Wails', 
14  July  1972(1  34]). 

An  existir>g  low  speed  wind  tunnel  having  a  square 
test  section  was  modified  during  the  first  part  of  1973.  The 
modifications  were  for  two^limensional  tests  and  comprised 
the  installation  of  two  flexible  walls  top  and  bottom  inside 
the  normal  walls,  controlled  by  manual  jacks,  and  the 
addition  of  a  suitable  contraction  to  the  flexible  walls  Wall 
streamlining  was  performed  first  for  the  flow  around  a  high 
blockage  (22%)  circular  cylinder  in  June  1973  then  around  a 
lifting  aerofoil  during  July  1973,  using  an  HR  desktop 
computer  for  the  streamlining  computations.  A  photograph 
taken  of  the  aerofoil  model  and  streamlined  walls  during 
this  series  of  tests  has  been  published  (1.3Sj. 

In  the  period  1973  to  1975  the  tunnel  continued  to 
be  used,  arsd  modified  in  the  light  of  experience,  for  aerofoil 
testing  ar>d  for  tests  with  a  higher  blockage  (29H)  circular 
cylirsder  (1.21].  NASA  built  a  two-dimensional  aerofoil 
model  of  NACA  0012-84  section  and  5  4  inch  (13.72cm) 
chord.  This  was  tested  at  appropriate  Mach  arsd  Reyrsolds 
numbers  in  the  74-feet  (228  6cm)  deep  Low  Turbulence 
Rresture  Tunnel  to  provide  interference-free  performance 
data.  The  model  was  then  used  at  Southampton  in  tests  in 
the  much  shailmxrer  €  irKh  (IS. 2cm)  adaptive  wall  tunnel. 
During  this  period  also  a  tunnel  was  built  (1 .36)  for  creating 
cascade  flow  around  a  sirtgle  turbirw  Wade,  and  plans  were 
laid  to  commence  the  construction  of  an  automated 
twoHitmemional  transonic  tunr^el  under  NASA  Grant.  The 
low  speed  exptrierKes  were  summarised  at  the  AGARO  1975 
meeting  (1.37). 

Rater  LiSSAMAN,  Northrop  Corporation 

From  around  1967  Dr.  Lissaman  had  been 
considering  the  proWems  of  wall  interference  at  low  and 
transonic  speeds  He  formed  the  opinion  that  some  form  of 
control  over  bour>dary  condition  was  required  which  led 
him  to  produce  a  research  proposal  (1.38). 

In  this  document  he  reviewed  older  Ideas  (but 
evidemly  was  unaware  of  the  NPL  work)  and  drew  attention 
to  a  Louvre  Kheme  for  use  in  the  relief  of  jet/wefi 
interference  (1  39).  He  listed  as  difficult  to  correct  (or 
impossible  in  severe  circumstances)  several  flow  types 
including  strong  separation,  reflected  waves  and 
multi-energy  flows.  He  proposed  streamlining  criteria  for 
infinite  flowfields  as  well  as  the  less  conventional 


circumstances  of  the  sheared  wing,  cascade,  ground  effect 
and  free  jet.  He  discussed  in  analytic  terms  the  outlines  of 
methods  to  determine,  in  an  iterative  manner,  the 
adjustment  of  the  shape  of  an  impervious  test  section 
leading  progressively  to  low  levels  of  interference  His 
research  proposal  was  for  a  paper  study  of  the  methods 
initially,  followed  in  due  course  by  phases  of  further 
development  leading  to  two  and  three  dimensional 
experimentation.  He  seriously  considered  the  prospects  for 
patent  protection 

There  is  no  evidence  available  suggesting  that  the 
contract  was  awarded  However  the  documentation  does 
serve  very  welt  to  highlight  the  fact  that  the  adaptive  wall 
test  section  ideas  which  emerged  in  this  era  were  far  from 
being  confined  to  any  one  person. 

Mui  RUBBERT,  The  Boeing  Company 

The  motivation  behind  Rubbert  proposing  the 
adaptive  wall  test  section  was  a  1970  aircraft  proiect  at 
Boeing,  the  Advanced  Transonic  Transport  designed  for 
around  Mach  0  98  He  was  aware  of  the  poor  test  data 
emerging  from  ventilated  tunnels  at  this  Mach  number  and 
wished  to  employ  a  new  principle. 

He  concerned  himself  mainly  with 
three-dimensional  testing,  this  being  the  prime  interest  of 
his  employer.  A  draft  of  a  paper  outlining  his  proposals 
entitled  'A  General  Concept  for  Elimination  of  Wind  Tunnel 
Wail  Interference  with  Emphasis  on  STOL'  {22p,  9  Figs ) 
emerged  in  1972  and  is  held  on  record  by  NASA  at  Langley 
Field.  In  the  report  he  outlined  the  need  for  active  control  of 
the  tunrtel  wall  contour,  or  the  inflow  distribution  for  a 
permeable  wail.  He  discussed  applications  to  STOL,  high 
subsonic  and  transonic  three-dimensional  testing,  and  high 
lift  and  transonic  airfoil  testing,  and  gave  streamlining 
criteria 

Rubbert  visited  Langley  Field  in  1973  and  gave  a 
presentation  with  viewgraphs  (also  held  by  NASA)  extending 
his  ideas  particularly  with  respect  to  two-dimensional 
testing.  Notable  among  the  ideas  presented  was  the  outline 
of  a  method  for  rapidly  converging  impermeable  walls  to 
streamlines  in  two-dimensional  testing,  together  with  a 
method  for  calculating  residual  wall  interference  corrections 
for  an  imperfectly  set  wall.  This  method  was  later  proposed 
independently  and  then  developed  by  Judd  (1.40]  who 
four>d  that  the  underlying  analysis  needed  modification 
because  of  wall  divergence  problems  arising  from  an 
aerodyrtamic  coupling  between  the  two  flexible  walls.  The 
meth^s  are  in  regular  use  in  at  least  three  adaptive  wall 
wind  tunnels  (1.40  •  1  42],  under  the  computer  code  name 
WASI 

It  is  unfortunate  that  Rubbert  was  not  able  to 
proceed  to  the  hardware  stage. 

William  SEARS,  Cornell  University 

Dr.  Sears  attended  the  AGARO  meeting  on  high 
Reyrtolds  number  facilities  in  Gottingen  durjr>g  April  1971 
arid  began  to  reconsider  transonic  wall  interference.  Shortly 
^t^eafttr,  he  contacted  Calspan  (then  Cornell  Aeronautical 
Laboratory)  with  the  adaptive-well  concept,  which  he 
initially  called  a  'Self-Adjusting  Wind  Tunnel”.  Calspan 
personnel,  principally  Dr.  Alfred  Ritter,  Dr.  John  C  Erickson. 
Jr.,  and  the  lett  Robert  J.  Vidal,  with  Dr.  Sears  as  a 
consultant,  proposed  a  theoretical  feasibility  study  to  the 
Office  of  Naval  Resaarch  (ONR).  The  ONR  contract  was 
awarded  to  Calspan  in  November  1971 

The  aim  of  the  concept  in  the  Sears/Calspan 
approach  was  to  improve  upon  existing  ventiiated-wall 
c^^litles  so  that  reliaWt,  interference-free  data  could  be 
obtained  at  higher  transonic  Mach  numbers  than  was 
potsibie  at  that  time.  From  the  beginning  the  Sears/Calspan 
implementation  was  planned  using  perforated  walls, 
basically  like  those  of  the  Calspan  Eight-Foot  Transonic 
Tunn^,  but  with  adjustable  wall  porosity  and/or  plenum 
pressure.  The  plans  were  to  demomtrate  the  fur>damentat 
v^idity  and  feasibility  of  the  concept  experimentally,  as 


quickly  as  possible,  in  two  dimansions.  Than  attantion  could 
ba  turnad  to  thraa-dimansiona'  tast  sactions  for  tasting 
typical  flight  vahiclas 

Tha  fundamantal  principla  of  tha  Saars 
adaptiva-wall  concept  is  that  intarfaranca-fraa  flow  can  ba 
varifiad  by  obtaining  agraamant  at  tha  intarfaca  (control 
surface)  in  tha  distributions  of  two  indapandant  flow 
disturbarKa  quantities  as  measured  ar>d  as  calculated  by  tha 
exterior  flow  functional  relationships  between  tha  two 
quantities. 

From  late  1971  to  spring  1972  many  discussions 
ware  held  with  U  S.  Navy  (ONR).  Air  Force  (AFOSR.  AEOC. 
Flight  Dynamics  Laboratory)  ar^d  NASA  (Langley  Research 
Canter)  personnel  concerning  tha  concept  and  its 
implementation.  These  lad  to  a  proposal  for  an 
axparimantal  demonstration  in  two  dimensions  using  tha 
Calspan  One-Foot  Transonic  Tunnel  This  included  the 
design  and  fabrication  of  a  new  adaptiva-wall  tast  section 
with  tha  associated  equipment.  During  this  period  (in 
January  1972  at  the  AIAA  10th  Aerospace  Sciences  Meeting) 
Sears  gave  an  outline  of  his  proposed  principles  (1.30.  p2l|; 
he  also  proposed  his  original  ideas  on  application  of  the 
adaptive-wall  concept  to  the  high  lift  and  large  flow 
deflections  that  are  typical  of  V/STOL  testing,  later  brought 
to  fruition  at  the  University  of  Arizona 

In  Jur>e  1972  a  contract  addition  was  awarded  to 
Calspan  for  test  section  design  and  fabrication  so  that  an 
experimental  demonstration  could  be  performed  Funding 
was  provided  lomtly  by  the  ONR  and  the  Air  Force  Office  of 
Scientific  Research  Work  proceeded  during  the  following 
year  on  test  section  design,  an  instrumentation  investigation 
and  the  development  of  exterior  flow  calculation  procedures 
for  both  linearized  subcntical  ar>d  nonlinear  transonic  small 
disturbance  representations  of  the  flow.  Numerical 
demonstrations  of  the  adaptive-wall  iterative  procedure  in 
subcritical  (I  43]  and  supercritical  (1  44.  1.45)  flow  were 
performed 

The  following  two  years  saw  the  appearance  of 
hardware  Tests  on  a  NACA  0012  airfoil  model  were  carried 
out  in  the  Calspan  Eight-Foot  Transonic  Tunnel  to  acquire 
reference  two-dimensional  data  that  are  considered  to  be 
free  of  wall  interference  (1  46].  Fabrication  of  the  adaptive 
wall  test  section,  its  checkout  ar>d  empty-tunnel  calibration, 
imtrumentation  development,  operational  investigations 
arid  hardware  modifications  were  performed  During  this 
time  several  meetir>9s  were  held  with  personnel  from  ONR, 
AFOSR.  AEOC.  Air  Force  Flight  0:  'lamics  Laboratory,  NASA 
(Ames  and  Langley  Research  Centers),  and  Advanced 
Technology  Laboratories.  The  adaptive-wall  concept  and 
implementation  were  diKussed  extensively  in  a  Workshop 
Meetir>g  on  Transonic  Tunr>el  Wall  Interference  Effects  at 
NASA  Langley  Research  Center  in  May  1974.  in  April  1975 
additional  fundir>g  to  complete  the  initial  demonstration 
experiments  was  received  from  NASA  Langley  Research 
Center 

A  separate  contract  was  awarded  by  NASA  Ames 
Research  Center  in  May  for  a  preliminary  low-speed, 
three-dimensional  adaptive-wall  investigation  with  V^TOL 
testing  as  the  ultimate  application  (reported  later  in  l  .47]. 

Robert  J.  Vidal  presented  the  paper,  "Experiments 
with  a  Self<orrecting  Wind  Tunnel",  at  the  Oaober  I97S 
AGARD  Symposium  on  Wind  Tunnel  Design  and  Testing 
Techniques  in  London  (1.4S).  This  paper  included  results  of 
initial  demonstration  experiments 
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2^  FACnJTIES 

Editor:  C.  L.  Ladson 

2.1  iDtroductioo 


During  the  first  meeting  of  the  Working  Group,  it  was  apparent  that  the  assessment  and  interpretation  of  the  current  level  of  the 
technologjr  could  be  achieved  most  easify  if  the  investigators  themselves  provided  the  information  in  a  common  format.  This  would 
also  minimize  any  danger  of  misinterpretation  by  third  parties  of  existing  published  information.  As  a  result,  the  Group  developed  a 
questionnaire  and  distributed  it  to  all  involved  in  adaptive  wall  research. 

The  questionnaire  solicited  information  on  the  mechanical  details  of  the  facilities  as  well  as  details  of  the  adaptation  strategy  itself. 
The  scope  of  testing  accomplished  and  future  plans  were  included.  The  information  contained  in  the  responses  is  summarized  in  this 
and  sub^uent  chapters.  This  information  was  the  source  for  much  of  the  data  in  this  report.  Because  some  of  the  data  contained  in 
these  questionnaires  is  not  discussed  elsewhere,  they  are  r^roduced  in  their  entirety  as  an  Appendsc  to  this  report.  The  questionnaire 
is  also  presented  to  serve  as  a  guide  to  the  written  responses. 


2.2  List  of  facilities  Included: 


This  section  of  the  chapter  presents  a  list  of  all  facilities  for  which  data  has  been  received. 


Belgium 

VKI 

TWTSl 

France 

ONERA 

S4LCh 

ONERA 

S5Ch 

ONERA/CERT 

T2 

Germany 

DFVLR 

DAM 

DFVLR 

HKG 

DFVLR 

TWO 

Technical  University  of  Berlin 

TUB  (2D) 

Technical  University  of  Berlin 

TUB  (3D) 

Italy 

University  of  Naples 

AWWT 

Peoples  Republic  of  China 

Northwestern  Polytechnical  Universi^ 

NPUAWWT 

United  Kingdom 

National  Physical  Laboratory 

5x2  in. 

National  Physical  Laboratory 

20  X  8  in. 

University  of  Southampton 

Cascade  Blade  Tunnel 

University  of  Southampton 

SSWT 

University  of  Southampton 

TSWT 

United  States 

AEDC 

IT 

AFWAL/FDL 

9  in.  Pilot 

Calspan/ATC 

1ft. 

NASA/Ames  Research  Center 

25  X  13  cm 

NASA/Ames  Research  Center 

2x2ft 

NASA/Langley  Research  Center 

0.3-m  TCr 

Sverdrup  Technology 

AWAT 

University  of  Arizona 

HLAT 

23  Description  of  facilities: 


This  section  of  the  chapter  presents  a  brief  description  of  each  facility  along  with  a  sketch  or  photograph.  The  current  status  of  the 
facility  is  also  given. 

It  is  appropriate  to  mention  at  (his  time  (hat  many  of  the  facilities  listed  h^ein  are  no  ionrcr  operational  or  are  operated  only  on  a 
limit^  basis.  This  is  a  result  of  the  technology  development  status  of  these  fatties.  They  were  constructed  to  demonstrate  ^e 
validity  of  a  concept  or  operational  technique.  When  this  was  successfully  demonstrated,  the  facility  had  fulfilled  the  d^i^  purpose 
and  was  delegated  to  other  research  areas.  Several  of  the  facilities  are  in  the  graduate  dq>artments  of  universities  and  used  only  when 
needed  to  mMt  the  testing  needs  of  the  students.  The  few  facilities  which  were  designed  for  routine  testing  and  are  completely 
automated  still  are  only  pilot  models  for  the  Urge  production  tunnels  of  the  future. 
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rtf  llllj  ninluMrtnn  Transonic  Windtinmel  SI 
OigMlnitioa:  von  Kaiman  bistitute  fcv  Fluid  Dynamics 
Cooatiy:  Belghun 


The  test  section  of  the  VKI  SI  transonic  wind  tunnel  is  0.4  m  scjuare.  In  1981»  this  facility  was  cqpupped  with  both  straight  and 
contoured  wall  blocks.  Two  bodies  of  revolution  were  tested  to  v«ify  the  method  developed  for  using  two  dimensional  adaptation  for 
three  dimensional  tests.  This  was  the  first  eaqmmental  demonstration  of  three-dimensionii]  testing  with  two  adaptive  walls.  These 
were  the  only  adaptive  wall  tests  conducted  in  this  facility. 


Facility  Dcslgnntlnti:  S4LCh 
Organbatloit:  ONERA 
Country:  France 


The  ONERA  S4  L  Ch  IKfiad  *nmnel  is  a  continuoui  flow  dosed  return  tunnel  which  operates  at  ambient  temperature.  Hus  faeflity  was 
used  for  adaptive  wanted  section  dcvebpoieiit  from  about  197310  1977.  H>e  adipttve  waO  test  sectioQ  is  215  cm  square  and  70  cm 
long.  Both  the  top  and  bottom  walls  are  fleidMe.  Each  fledble  waO  is  driven  by  ten  jadci,  unequally  ^moed,  whm  are  manually 
actuated. 

'Dvo  airfofl  modds  underwent  Hmlted  tests  for  the  purpose  <rf  emhtsthm  the  tmfing  tftrhniqufe  tnd  sdspcation  slgorithms.  For  three 
dhneiuaonal  tedin^  s  wmt  body  model  viderwent  very  limiled  tests.  The  purpose  of  these  tests  was  to  evahiste  the  level  of  model 
pertubetioos  measured  at  me  wim  Attboi^  the  focfliqr  is  stflloperatioiial,  no  adaptive  waOwoit  has  been  aocompUsheddnoe  1977. 
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Facility  DesigBAUoo:  S5Ch 
Organlzatioii:  ONERA 
Couatay:  Frano; 


The  ONERA  S5  Ch  wind  tunnel  is  a  continuous  flow  dosed  return  sup^sonic  tunnel  wfaidi  operates  at  ambient  tempn^ature  and  a 
Mach  number  of  The  adaptive  wall  test  section  for  t^  facilsty  is  22.0  cm  wide»  10.0  cm  hi^  and  95  cm  long.  It  has  solid  side  walls 
and  adaptable  top  and  bottom  walls.  Iliese  adaptable  wafls  are  formed  of  ISO  transverse  sliding  plates  which  are  2.0  mm  thick.  They 
are  preset  to  a  ^en  contour  prior  to  a  given  test  program.  The  time  to  compute  and  set  the  waUs  to  a  given  shape  and  install  the  test 
section  is  about  one  week. 

This  fa<^ty  with  the  adaptive  wall  test  section  has  been  used  to  test  both  two-  and  three-dimensional  models  with  strong  shock  waves 
which  reach  the  and  bottom  walls.  Two  cylinder  models  and  a  delta  wing  at  high  angle  of  attack  have  been  tested  to  date.  The 
a^ptive  wall  test  section  for  this  facility  is  still  active. 


Facility  Designation:  T2 
Organization:  ONERA/CERT 
Country:  France 


The  ONERA  T2  adaptive  wall  wind  tunnel  is  one  of  the  most  active  facilities  in  the  devdopment  of  test  techniques  in  use  at  this  time. 
The  tunnel  ia  an  tnseccor  driven  dosed  dr^t  traoaonk  cryogenic  &dltty .  The  adm>tive  wall  test  sectioQ  is  39.0  cm  wide,  37.0  cm  hi^ 
and  1.4  m  in  lemttL  Afl  four  waOs  are  solid  with  the  top  and  bottom  being  flexible.  These  flcodble  waUs  are  each  by  16  jado. 
The  ad^nive  wau  were  placed  in  opmtion  in  1978  and  first  operated  at  cryogenic  conditions  in  1981.  The  facility  is  in  active  use  at 
the  present  time. 

The  T2  fiuaUty  bu  been  exteosivefy  used  to  produce  both  two-  and  three-dimetoiDnal  aerodynamic  data.  Pour  airfoil  shapes  as  well  as 
semi-spon  and  tiing  mounted  models  are  included  in  the  teat  programs.  Both  basic  reaM/cb  and  iodustriai  siqjport  programs  are 
suppo^  in  diia  facility. 


Faculty  Deslgmtkm;  HKG 
OrgpeiMfiiMe  DFVLR  -  GdCUngen 
OMoitTV*  n«rmanv 
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Facility  Designation:  TWG 
Oiganteation:  DFVLR  •  Gdttingen 
Country:  Germany 


The  Transonic  Wind  Tunnel  Gdttingen  (TWG)  is  a  transonic  slotted  wall  tunnel  which  has  been  used  for  adaptive  wall  research.  The 
test  section  is  1.0  m  square  and  3. 1  m  in  length.  The  side  walls  are  solid  and  there  are  4  slots  in  each  of  the  slotted  walls.  The  slot  width 
(or  porosity)  is  indq>endenUy  adjustable.  The  Mach  number  capability  of  the  facility  is  from  0.5  to  2.0. 

Although  the  facility  is  capable  of  two-  and  three-dimensional  testing,  only  two-dimensional  airfoil  tests  have  been  made  with  the  wall 
adaptation  process.  The  Mach  number  range  of  these  airfoil  tests  was  from  0.6  to  0.85. 


Facility  DesignathKi:  TUB  (2D) 
Organiatioii:  Technical  University  of  Berlin 
ConntiT:  Germany 


The  Technical  Univeraity  of  Berlin  adaptive  wall  frcOity  is  a  cootinuoas  flow  open  tunnel  which  operatei  at  atmo^eric  stamation 
preiiure.  The  2D  teat  aection  is  15  cm  square  and  69  cm  Iona.  The  top  and  bott^wiOi  are  flepdble  and  the  aidewilii  ace  solid  Each 
oecMewaU  is  driven  by  13  jacks.  The  Mach  number  range  of  the  fBci%  is  from  OJ  to  0.95. 

Diis  CKflity  has  been  u^  to  test  both  two*  and  three'dimenslonal  moo^  This  is  one  of  the  first  facilities  m  which  threeKfimensional 
tests  were  made  in  a  facility  with  only  two  adaptive  walla. 
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Fftdll^  Designatioii:  TUB  (3D) 
OrgulzathMi:  University  of  Berlin 
ConntiT:  Germany 


The  3D  test  section  of  the  Technical  University  of  Berlin  was  the  first  adaptive  wall  test  section  designed  for  three^limensiona]  testing. 
It  has  8  flexible  ««lls  with  the  top  and  bottom  walls  driven  by  9  jades  and  ^  other  walls  by  10  jades.  The  test  section  is  18  cm  wide,  IS 
cm  and  83  cm  loi^  The  joints  between  a<^aceat  walls  are  s^ed  by  a  number  of  ovm-hq^ing  str^  of  spring  sted.  One  end  of 
each  strip  is  attached  to  one  wall  and  the  odier  end  is  free  to  slide  on  the  adjacent  wall  Ihe  numba  capability  is  from  03  to  1 3. 
A  aeries  of  bodies  of  revolution  and  wing  boefy  models  have  been  tested  in  the  fadlity.  Ibe  test  section  was  puoed  in  operation  in  1980 
and  has  been  in  use  up  to  1987. 


Fadlity  Deslgnatloii:  Adaptive  WaUs  Wind  Tunnel  (AWWT) 
Organbatioii:  Istituto  di  Aerodinamica  ”Umberto  Nobile* 
Coontry;  Italy 


The  btltoto  di  Aerodinamica  "Uihberto  Nobfld"  hu  under  conatrocrioo  an  adqiCive  wall  cootimioos  flow  open  retm  The  ted 
aeedoo  is  20  cm  square  and  1  m  in  length.  The  Mach  number  capabflitywfll  be  up  to  05S.  The  top  and  bottom  waOs  are  tedble  and 
the  fide  waOs  are  aoUd.  Bach  fleiftle  waO  will  be  driven  fay  16  jada.  The  CKflity  is  for  iwo-dlmenrioaal  testing  capehflity. 

Initial  operation  is  scheduled  for  late  1988. 
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The  Northwestern  Potytechnical  University  Adaptive  Wall  Wind  Tunnel  is  a  continuous  flow  low  speed  tunnel  which  operates  at 
ambient  conditions,  llie  test  section  is  23.8  cm  wide,  2S.6  cm  in  height  and  1 J  m  long.  Both  top  and  bottom  walls  are  flexible.  There 
are  21  screwjacks  and  21  pressure  taps  located  on  each  wall  with  the  spacing  varying  along  the  tunnel  length. 

Both  two*  and  three-dimensional  tests  are  performed  in  the  facility  with  a  two-dimensional  adaptation  method.  A  circular  cylinder 
model  and  an  airfoil  model  have  undergone  tests  as  well  as  a  three-c^ensionaJ  wing  body  model.  The  tunnel  is  currently  operational. 


Facility  Designation:  5x2  inch 

Organization:  National  Physical  Laboratory  (NPL) 

CoontiT:  United  Kingdom 


aD  accounts,  the  National  Phyiks  Laboratory  5  tw  2  in.  tunnel  was  the  first  adaptive  wall  tunnel  Placed  in  operation  in  the 
Iw7-1M  time  period,  the  facility  had  a  test  section  ll7  cm  high  and  5.1  on  wide.  The  two  5.1  cm  walls  were  flexible  and  manually 
driveahv  6  equ^  spaced  jacks  on  each  wall  The  facility  was  used  to  produce  airfoil  data  and  provide  desi^  information  for  a  larger 
test  section.  It  was  in  use  untfl  about  1955. 


Fadlily  Dfnipiartnn:  20  x  8  inch 
OifMilatlaa:  National  Iliysical  Laboratory  (NPL) 
Coontiy:  United  Kin^iom 


Streamlined  Section  Throat 


c=  Aerofoil  chord  {  =  5.0  inches)  Scale  1:10  approx. 


The  National  Physics  Laboratory  (NPL)  20  by  8  in.  adaptive  wall  tunnel  was  based  on  the  design  of  the  smaller  5  by  2  in.  facility  which 
was  built  earlier.  The  test  section  was  20  J  cm  wide  and  50.8  cm  hi^.  The  tunnel  was  induction  driven  and  operated  at  transonic 
speeds  up  to  a  Mach  number  of  about  1.0. 

This  facility  first  operated  in  early  1941  and  was  operational  until  about  1955.  Although  the  wall  adaptation  was  a  manual  process,  a 
very  large  number  of  both  two*  and  three-dimensional  tests  were  conducted  in  this  tunnel. 


Facility  Designation;  Cascade  Blade  Tunnel 
Orgnntiatioo:  University  of  Southampton 
Comtiy:  United  Kingdom 


The  Prototype  CB9Csde>Wsde  FtadMe’Wafled  Wind  Thanel  of  (he  University  of  Southampton  was  a  very  ipedaliBed  type  of  fiicflity. 
^^®®*?*5***  fa  1974/75,  it  wu  used  to  tert  afagfa  uotwiiced  h^ily  cambwed  turbfae  blide  between  soud  sidewalls,  repreaeotfag 
llo^ 'nie  ^  and  bottom  waUt  were  flanble  ai^  driven  by  14  and  12  manually  operat^  jacks  reapectlv^.  The  aectioa 
waa  7.6  em  wide  and  5.6  cm  high*  llie  tunnel  was  a  oootfaoous  fanKhiven  open  return  type  and  opeiated  at  a  Mats  of  idxMit 

0.1.  The  facility  is  no  longer  operatfanaL  /r  -r- 
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Faculty  Dcslcoatloii:  Low  Speed  Self-Streamlining  TUnnel 
Organbatloii:  Univenity  of  Southampton 
Cotmliy:  United  Kingdom 


The  Low  Speed  Self-streamlining  Tunnel  (SSWT)  of  the  University  of  Southampton  has  been  in  operation  since  1973.  This  facility  is  a 
continuous  flow  fan  driven  open  return  tunnel  which  operates  at  a  Mach  numl^  of  about  O.IO.  The  test  section  is  30.5  cm  wide  and 
15.2  cm  high.  The  top  and  bottom  walla  are  flexible  and  the  sidewalls  ripd.  Each  flodble  wall  is  driven  by  up  to  18  jacks,  depending 
upon  the  stage  of  development  of  the  test  technique.  The  length  of  the  controlled  walls  is  1273  cm.  The  control  of  the  jacks  is  manual. 
Four  models  have  been  tested  in  this  faciiity.  Two-dimensional  tests  included  two  syimnetric  airfoils  and  a  circular  cylinder.  A  swept 
wing  which  completely  spans  the  test  section  has  also  undergone  tests  to  assess  this  testing  capability.  This  turmel  is  stUl  operational. 


Faculty  DesignathHi:  Transonic  Self  Streamlining  Tunnel 
Organhatlun:  University  of  Southampton 
Country;  United  Kingdom 


The  Univerttly  of  Southampton  TYantonk  Setf-streamlining  Wind  Tunnel  (TSWI^  is  an  IntetmitteDt,  doted  return,  induced  flow 
tunnel  which  operates  at  atmospheric  stagnation  condUiona.  The  teat  section  is  1334  cm  square  and  the  oontcoDed  sraUs  are  111.8  cm 
long  There  are  20  positioning  jacks  on  each  wall  but  only  19  are  used  in  the  adaptation  process.  The  flexible  walls  as  well  as  the 
sidewalls  are  solid.  Control  of  the  flexible  waOt  is  completely  automated  and  under  computer  control.  The  maximum  Mach  number 
capabilin  of  the  facility  is  quoted  to  be  about  1.8. 

This  fscflity  has  been  extensive^  used  for  both  two-  and  three-dimetuional  tests.  Models  tested  indude  three  2D  airfoils,  two  aidewali 
mounted  wfatga,  and  a  stfaig  mounted  wing-body  model  Most  of  the  models  tested  were  also  tested  in  other  bcUities  to  provide  for  a 
comparison  (rf  the  results.  This  tunnel  is  stifl  opeiational  and  is  being  used  primarily  to  devdop  three-dinwnsional  testing  algortthms, 
and  techniques  for  two-dimensional  testing  throu||i  Mach  1. 
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FacUity  Dcslgnatloii:  IT 
Organtatkw;  AEDC 
C01111I17:  United  States 


The  Arnold  Engineering  Development  Center  One>Foot  Aero<fynamic  Wind  Tiinnel  (I’D  has  been  used  to  develop  the  3D 
Adaptive- Wall  Test  Section.  The  facility  is  a  continuous  flow  nonreturn  tunnel  with  a  2D  fleadbie  noole.  The  adaptive  wall  test  section 
is  30.5  cm  square  and  95J  cm  long.  The  Mach  number  capability  is  from  OJ  to  1.0.  The  walls  of  the  test  section  are  perforated  with  60 
deg.  inched  holes  and  the  porosity  is  variat:^  from  0  to  10%.  Tl»  tq)  and  bottom  walls  are  each  divided  into  24  segments  and  the 
sidewalls  each  into  8  s^pments.  The  adaptation  process  is  accomplished  by  indq>en(lent  control  of  the  porosity  of  each  segment  and  by 
global  plenum  pressure  control 

The  facility  has  been  used  to  develop  algorithms  for  threO'dimensional  testing  capability.  One  wing  body  model  has  been  tested  which 
was  tested  in  a  4  foot  tunnel  Comparisons  of  the  rcmilting  data  were  usmI  to  establish  validity  of  testing  technique.  This  facility 
was  designed  to  develop  the  test  techniques  only  and  has  not  been  t^rational  since  June  1985. 


The  Air  Force  Wright  Aertmauticai  Laboratory  9-inch  Pilot  Self-Adaptive  WaU  (SAW)  Wind  Tunnel  was  one  of  the  first 
three-dimensional  adaptive  wall  facilities  to  be  constructed.  The  tunnel  is  a  Uowdown  to  atmosphere  type  and  the  maximum  Mach 
number  capability  is  about  1.0.  The  test  section  is  22.9  cm  square.  It  has  solid  sidewalls  and  flexible  top  and  bottom  walls.  These 
flexiUe  wa^  eadi  consist  of  9  paraUel  lonmtudinal  <ylindrical  rods.  These  rods  are  controlled  by  three  manual  jades  at  the  upstream 
end  followed  by  10  motorbwd  jades.  Eaem  rod  may  be  individuallv  controlled  to  provide  three-dimensional  streamlining.  They  may 
also  be  set  to  the  same  position  to  simulate  two-dimensional  streamlining. 

Two  tliree<ltmenskmai  tests  were  conducted  in  this  fadliiv.  They  induded  a  bocty  of  revolution  and  a  wing  body  model  Both  three- 
and  two-dimensioiitl  contouring  of  the  walla  were  used  in  the  test  programs.  This  fuility  was  one  of  the  first  to  demonstrate  the 
capability  of  using  two-dimmistonal  adaptation  for  three-difnenuonal  testing.  Most  of  the  researdi  in  this  fadlity  was  cxmducted 
bemeen  April  1981  and  December  1982.  The  tunnel  is  no  longer  operttkxiaL 
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Facility  Deslgnatioo!  1  It. 
Organimtlfm:  Calspan/ATC 
Coontry:  United  States 


The  Caispan  Corp.  Advanced  Technology  Center  One-Foot  Tunnel  was  a  continuous  flow,  closed  return,  variable  density  tunnel.  The 
adaptive  wall  test  section  was  30.5  cm  hi^  25.4  cm  wide,  and  1.^  m  long.  The  Mach  number  capability  with  this  test  section  was  from 
0.55  to  1 .0.  This  facility  was  a  twonlimensional  tunnel  with  ri^d  sidewalls  and  perforated  top  and  bottom  walls.  The  nominal  wall 
porosity  was  22.5%.  The  plenum  above  the  Cop  wall  was  divided  into  10  independent  segments  and  below  the  bottom  wall  into  8 
segments.  The  pressure  in  each  of  these  plenum  segments  could  be  ind^endently  varied. 

This  facility  was  one  of  the  first  adaptive  wall  facilities  and  was  fabricated,  calibrated,  and  operational  from  1973  to  1980.  TWo  airfoQ 
models  were  tested  in  the  facility  to  ^monstrate  the  proof  of  the  concept.  The  tunnel  has  been  inactive  since  1980. 


Facility  DfsignathNi:  25  x  13  cm. 
Organlatloo:  NASA/ARC 
Countiy:  United  States 


The  NASA  Ames  Research  Center  25  by  13  cm  tunnel  is  a  continuous  flow  indraft  type  tunnel  with  a  flexible  downstream  throat  for 
Mach  number  control.  The  maximum  Mach  number  capability  is  about  0.8.  llie  adaptive  wall  test  section  is  13  cm  high,  25  cm  wide, 
and  74  cm  long.  The  sidewalls  are  solid  and  the  ton  and  oottnm  walls  each  have  10  longitudinal  slots.  The  open  area  ratio  is  12%.  The 
top  and  bottom  plenums  are  separate  and  ire  eaJi  divided  into  10  separate  segments  for  two^limensional  testing  and  18  a^ments  for 
three-dimenrional  tests.  By  means  of  suction  and  Mowing,  the  pressure  in  each  segment  is  independently  varied.  The  operadon  of  the 
control  valves  for  the  adaptation  process  is  manual 

One  airfoU  and  one  semi-^an  wing  have  been  tested  in  this  faciUty.  It  has  been  inactive  since  1981. 
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Fadlltj  Deiigutfton:  2  z  2  ft. 
OifMilaitloii:  NASA/ARC 
CooibT:  United  States 


The  NASA  Ames  Research  Center  2-  by  2-Foot  Transonic  Wind  Tunnci  is  a  continuous  flow,  dosed  return  facility  dedicated  to 
research  and  industrial  operation.  The  adaptive  wall  test  section  is  61  cm  square  and  132  m  long.  It  has  slotted  top  and  bottom  walls 
and  solid  sidewalls.  These  sidewalls  are  constructed  of  schlieren  quality  glass  for  complete  optical  access  to  the  flow  field.  The  plenum 
chambers  for  both  the  top  and  bottom  walls  are  each  divided  into  32  segments.  A  slide  vaKe  controls  the  pressure  in  each  of  these 
segments  independently.  The  valve  position  and  chamber  pressure  are  computer  controlled.  The  tunnel  is  capable  of  both  two-  and 
three-dimensional  tests.  The  original  operational  date  for  this  facility  was  late  1988.  In  early  1989,  a  decision  was  made  to  terminate 
ftirther  development  of  this  facility. 


FadUty  Dcs^natioii:  0  J  m  TCT 
Organliatioa:  NASA/LaRC 
Coutry;  United  States 


The  NASA  ReModi  Center  ‘nruaoiik  Oryofenk  Tuimei  if  a  eootiniioin  So*  (u  drhcD  preoure  tiiohel  which  um 

nitrogen  pa  at  tM  iMt  medinfli.  Tha  ad^tUvowaD  teat  aeotioaia  33  omaquare  and  1.42  m  long.  The  top  and  bottom  walla  are  flesdble 
and  the  iMnwalla  are  aottd.  Tha  lladHe  waOa  are  driven  by  18  jaefca  e^.  The  alaf^ric  stepper  motors  which  drive  the  jacks  are 
computer  oontfoOed.  The  adeptive  wall  teat  sectioa  for  this  fiadlity  wu  placed  in  operation  in  March  1986. 

This  test  section  has  been  OM  to  teat  both  two-dimenaional  airfoili  and  three-dimensional  semi-span  models.  A  test  of  a  song 
mounted  wing  bo^  model  is  being  planned.  The  fMllity  is  presently  operationai  and  supports  both  basic  research  and  industrial  test 
programs. 
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Factltty  Designatioii:  Adaptive  Wall  Automotive  Tunnel 
Oipuiizatioii:  Sverdrup  Technology 
Country:  *"*“•“ 


The  Sverdrup  Technology  Corporation  Adaptive  WaU  Automotive  'Hinncl  (AWAT)  is  a  special  purpose  low-speed  wind  tunnel 
Developed  as  a  pilot  tunnel  to  evaluate  the  capabilities  of  testing  high  blockage  automotive  models,  it  is  strictly  a  three-dimensional 
fadUty.  The  adaptive  waU  test  section  is  30.5  cm  high,  61  cm  wide,  and  2.44  m  long.  The  top  wall  consists  of  6  independent  longitudin^ 
slats,  each  sidewall  3  independent  slats,  and  the  bottom  wall  is  solid.  Each  slat  is  contoured  by  17  manually  set  screw  jacks.  The  Mach 
number  capability  of  the  facility  is  from  about  0.05  to  0.20.  ....  ■  l  i. 

Three  automotive  models  of  different  blockage  ratios  have  been  tested  to  dale.  Fust  operated  m  the  late  1970  s,  the  tunnel  has  been 
inactive  since  March  1987. 


Facility  Dcaignatkm:  Arizona  Adaptable- Wall  Wind  Tunnel 
Organintioii:  University  of  Arizona 
CoantTv:  United  States 


The  Univenity  of  Arimui  AitapuMe-Wall  1\nnel  ii  anotber  of  the  special  porpoee  adaptive  wall  fadlitiea.  A  low  speed  (M  •  0.1) 
open  return  tuanel,  it  b  dented  for  high  lift  V/STOL  type  three-dhneoaiooai  model  te<^  Hie  teet  sectioa  is  50.8  cm  squ^  and 
1.15  m  kxig.  The  adimtive  walb  are  constructed  of  Venetian  blind  type  louvered  vanes  and  the  control  b  by  segmented  rotation  of  theec 
i^uiea.  One  generic  V^IOL  transport  model  has  been  tested  to  date.  ThelastuseofthefidlitywasDecanber  1987. 
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and  E .  Hedeneyer 


3.1  Introduction 

Chapter  1  of  this  report  gives  a  history  of 
adaptive-wall  developnent  up  to  about  1975.  That 
naterlal  will  not  be  repeated  here,  although  the 
period  called  the  beginnings  of  the  aiodern  era 
(1970-1975)  will  be  discussed  froa  the  point  of 
view  of  algorithm  and  facility  developoKnt.  For 
purposes  of  the  adaptive-wall  algorithms  to  be 
described  here,  the  modern  era  Is  considered  to 
have  begun  with  the  simultaneous.  Independent 
recognition  of  the  concept  of  matching  an  experi¬ 
mental  Inner  flow  across  an  Interface  to  a  com¬ 
puted  outer  flow  by  Chevalller.  Ferri.  Goodyer. 
Lissaman.  Rubbert.  and  Sears,  as  detailed  In 
Section  1.3.  An  historical  survey  at  this  point 
In  the  chapter  makes  possible  presentation  of 
material  later  In  the  chapter  In  a  more  general 
and  coherent  fashion  without  concern  for  the 
chronology.  Other  surveys  of  modern  adaptive-wall 
development  have  been  given  by  Davis  (3.1). 
Ganzer  13.2).  |3.3| .  Wedemeyer  [3.4| .  and  Sears  and 
Erickson (3.5). 

Fundamental  Investigations  of  the  adaptive- 
wall  matching  concept  by  means  of  numerical  simu¬ 
lations  and  theoretical  considerations  are 
described  In  Section  3.1.1.  An  overview  of  the 
development  and  operation  of  20  adaptive-wall 
facilities  from  about  1970  until  the  present  1$ 
given  In  Section  3.1.2.  followed  In  Section  3.1.3 
by  similar  material  for  30  adaptive-wall  facili¬ 
ties  from  approximately  1978  until  the  present.  A 
general  formulation  of  adaptation  strategy  Is 
presented  In  Section  3.2.  with  a  theoretical 
basis  for  adaptation  described  In  Section  3.2.1 
followed  by  20  flexible.  Impermeable-wall  appli¬ 
cations;  20  ventllated-wall  applications;  30 
flexible,  Impermeable-wall  applications;  and  30 
ventllated-wall  applications  In  Sections  3.2.2  to 
3.2.5,  respectively.  Representative  experimental 
results  are  given  In  Section  3.3,  with  20  In 
Section  3.3.1  and  30  In  Section  3.3.2,  followed 
by  a  discussion  of  limitations  and  open  questions 
In  Section  3.4.  The  references  for  Chapter  3  are 
In  Section  3.5. 


3.1.1  Adaptive-Hall  Interface  Hatching  Concept 

The  basic  concept  of  an  adaptive-wall  wind 
tunnel  Is  to  match  two  Independent  flow-distur¬ 
bance  quantities  measured  at  an  Interface  In  the 
tunnel  experiment  to  the  same  quantities  computed 
from  an  Interference-free  outer  flow  beyond  the 
Interface.  The  configuration  Is  shown  schema¬ 
tically  In  Fig.  3.1  for  a  30.  perforated-wall 
test  section  where  the  Interface,  S,  separates 
the  Inner,  experimental  flow  region,  I,  from  the 
outer,  computed  flow  region,  II.  Note  that  the 
shaded  zone  In  Fig.  3.1  denotes  the  domain  beyond 
the  ventilated  wall,  but  not  the  entire  outer 
region  II.  Any  adjustment  of  the  flow  by  means  of 
wall  control  affects  the  entire  flow  field,  so 
that  both  th»  inner,  experimental  flow  and  the 
outer,  computational  flow  will  change.  Therefore, 


adaptation  was  recognized  Immediately  as  being  an 
Iterative  process.  A  principal  feature  of  the 
concept  Is  that  there  Is  no  requirement  for  a 
theoretical  representation  of  the  flow  about  the 
test  article. 


Fig.  3.1  Schematic  of  transonic  flow  about  a 
test  article  In  an  adaptive-wall 
test  section  with  Interface  sur¬ 
face  S  separating  Inner  (I)  and 
outer  (II)  regions  (from  13.34]). 

It  was  Important  Initially  to  Investigate 
the  nature  of  the  Iterative  procedure  before 
attempting  hardware  development.  Consequently, 
numerical  simulations  were  performed  with  the 
measurements  In  the  experimental  Inner  flow  over 
the  test  article  replaced  by  a  computational 
representation.  These  simulations  not  only  led  to 
practical  and  efficient  Iteration  procedures,  but 
also  facilitated  design  and  operational  studies 
of  such  Important  questions  as  the  effects  of 
test-section  length  truncation  and  errors  In  wall 
settings  and  Interface  measurements. 

Although  many  of  these  simulations  probably 
were  not  published,  several  were.  Calspan  ATC 
demonstrated  the  concept  numerically  In  20  Incom¬ 
pressible  flow  [3.6)  and  In  20  supercritical  flow 
using  a  nonlinear  representation  based  upon 
numerical  solutions  of  the  transonic  small  dis¬ 
turbance  equations  (TSDE)  |3.7|.  Later  simula¬ 
tions  13.81  modeled  the  Calspan  ATC  One-Foot  20 
adaptive-wall  test  section.  ONERA  also  used  20 
linearized  subsonic  and  nonlinear  TSDE  represen¬ 
tations  for  development  purposes  |3.9|,  |3.10|. 
Southampton  University  performed  20  Incompres¬ 
sible  simulations  13.11)  to  examine  many  aspects 
of  the  operational  procedures.  Numerical  simula¬ 
tions  were  carried  out  by  Technical  University  - 
8er11n  for  20  Incompressible  flow  13.12),  [3. 13) 
and  supersonic  flow  13.14),  and  In  30  for  sub¬ 
sonic,  subcritical  flow  13.15).  AEDC  Investigated 
20  simulations  for  linearized  subcritical  and 
nonlinear  supercritical  flows  based  on  numerical 
solutions  of  the  TSDE  |3.16)-|3.18).  Everhart  at 
NASA/langley  Research  Center  [3. 19),  13.20) 

developed  a  20  Cauchy-Integral  formulation  of  the 
outer-flow  calculation  for  a  closed  contour  sur¬ 
rounding  the  model  In  linearized  compressible 
flow.  Everhart  simulated  Iterative  adaptations  In 
low-speed  flows  about  a  circular  cylinder  and  an 
airfoil,  and  one  experiment  was  performed.  Much 
of  this  work  was  carried  out  In  1977,  but  was  not 
published  until  1983.  Recently,  Schalrer  at 
NAM/Ames  Research  Center  13.21)  has  performed 
numerous  20  simulations  with  both  linearized  com- 


*The  research  reported  herein  was  performed  In  part  by  the  Arnold  Engineering  Development  Center 

S,  Air  Force  Systems  Command.  Some  of  the  work  and  analysis  was  done  by  personnel  of  Calspan 
atlon/AEOC  Operations,  operating  contractor  of  the  AEDC  aerospace  flight  dynamics  facilities. 
Further  reproduction  Is  authorized  to  satisfy  needs  of  the  U.  $.  Government. 
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pressible  and  nonlinear  TSOE  representations  of 
the  flow  within  an  adaptive-wall  test  section. 
For  30  adaptive-wall  tunnels,  numerical  simula¬ 
tions  have  been  reported  by  Sears  at  the 
University  of  Arizona  I3.Z2I,  [3.231  for  a  test 
section  designed  for  powered  lift  and  large  flow 
deflection  with  ventilated  top  and  bottom  walls 
and  solid  sidewalls;  by  Wang  at  the  Chinese 
Aeronautical  Establishment,  Harbin  [3.24]  using 
numerical  solutions  of  the  TSOE;  and  by  Mendoza 
at  NASA/ARC  [3.25]  for  linear  compressible  flow 
1n  a  ventilated  test  section  with  solid  side- 
walls.  The  results  of  all  of  these  20  and  30  sim¬ 
ulations  were  used  to  guide  the  experimental 
design  and  Implementation  of  adaptive  walls.  The 
basic  adaptation  strategies  that  evolved  are 
discussed  In  Section  3.2. 

An  alternative  way  of  Investigating  the 
Iterative  procedures  was  by  more  general  theoret¬ 
ical  simulations  of  the  Iterative  adaptive-wall 
process  within  the  framework  of  linearized  com¬ 
pressible  flow  represented  by  the  Prandti-Glauert 
equation.  These  Investigations  began  In  about 
1975.  Lo  and  Kraft  [3.16]  used  separation  of 
variables  and  Fourier  superposition  techniques 
Initiated  by  Weeks  [3.26|  to  prove  the  con¬ 
vergence  of  the  adaptive-wall  Iterative  scheme  In 
the  20  nonllfting  case  of  a  symmetrical  airfoil. 
An  Important  result  of  the  Lo  and  Kraft  analysis 
was  the  determination  that  a  single  scalar  Itera¬ 
tive  relaxation  factor  would  not  lead  to  Imme¬ 
diate  convergence  although  significant  Improve¬ 
ments  In  convergence  rate  could  be  made  by  a 
suitable  choice.  However,  general  equations  were 
derived  that  consisted  of  certain  definite 
Integrals  of  both  measured  disturbance  quantities 
over  both  the  top  and  bottom  Interfaces  to 
achieve  convergence  to  unconfined  free-air  flow 
In  "one  step".  This  procedure  assumes  that  the 
viscous,  transonic  and  vortical  effects  neglected 
In  the  Prandti-Glauert  equation  are  essentially 
the  same  before  and  after  the  one-step  adapta¬ 
tion.  Lo  and  Sickles  extended  the  Fourier  super¬ 
position  approach  to  generate  one-step  formulae 
for  axisymmetric  flow  13.18),  and  2D  lifting  flow 
[3.171,  13.181  with  the  assumption  that  the  11ft 
Is  unchanged  before  and  after  the  one-step 
adaptation.  Kraft  and  Dahm  [3.271  later  used  the 
Cauchy-Integral  formula  for  2D  flow  to  remove  the 
necessity  for  assuming  the  lift  to  be  unchanged 
during  the  one-step  adaptation.  In  related  work. 
Sears  [3.28]  examined  relaxation  factors  for 
1nf1n1te1y-1ong  sinusoidal  shapes  In  2D  nonllft¬ 
ing  and  lifting  flow,  axlsymietrlc  flow,  and  a  3D 
low-aspect-ratio  flow.  Sears  also  examined  the 
Implications  of  Imperfect  control  on  the  Itera¬ 
tive  relaxation  process  [3.29].  Many  mathematical 
aspects  of  the  Iterative  procedure  and  one-step 
methods  for  linear  flows  are  addressed  In  the 
discussion  of  residual-interference  corrections 
In  Section  6.2.1  of  this  report.  Mokry  [3.30] 
also  has  discussed  the  mathematical  aspects  of  2D 
adaptive-wall  procedures. 

In  3D  flow,  one-step  methods  also  have  been 
derived  for  linearized  compressible  flow  repre¬ 
sented  by  the  Prandti-Glauert  equation,  Wede- 
meyer,  etal.  at  DFVLR/Gdtt Ingen  [3.31]  developed 
a  one-step  procedure  using  separation  of 
variables  and  Fourier  analysis  In  the  azimuthal 
and  axial  directions  for  tunnels  with  a  circular 
cross  section.  Rebstock  at  TU-Berlln  [3. 3], [3. 15] 
developed  a  one-step  procedure  for  an  octagonal 
cross  section  using  discretization  of  the  govern¬ 
ing  equations  by  means  of  a  panel  method.  Both  of 
these  methods  assume  that  the  lift  remains 
constant  before  and  after  adaptation.  Ashlll  and 
Weeks  [3.32]  derived  a  Green's  theorem  approach 
for  wall  Interference  assessment  and  correction. 
Wedemeyer  ]3.4]  then  pointed  out  that  the  20 
Cauchy-Integral  one-step  formulation  can  be 


generalized  to  3D  by  further  development  of  the 
Green's  theorem  approach  of  13.32).  Subsequently, 
Ashlll  and  Keating  generalized  the  analysis  of 
]3.32]  to  an  adaptive-wall  one-step  method 
|3.33).  Further  discussion  of  the  concept  and 
techniques  of  "one-step"  methods  Is  given  In 
Section  3.2.1. 

When  the  flow  Is  supercritical  at  the  Inter¬ 
face,  nonlinear  equations  of  motion,  e.g.,  the 
TSDE,  must  be  used.  In  the  supercritical  cases, 
the  linear  one-step  methods  are  no  longer 
strictly  valid.  The  lack  of  linear  superposition 
renders  the  mathematical  problem  associated  with 
derivation  of  one-step  methods  much  more  com¬ 
plicated,  If  not  Impossible.  A  discussion  of  many 
of  the  Implications  of  the  nonlinear  aspects  of 
the  calculation  procedures  are  touched  upon  In 
the  discussion  of  residual-interference  correc¬ 
tions  for  nonlinear  flow  In  Section  6.2.2  of  this 
report. 

For  completeness.  It  must  be  mentioned  that 
the  Interference-free  environment  represented  by 
the  outer-flow  boundary  conditions  does  not 
necessarily  have  to  be  for  flight  In  free  air. 
Sears  [3.34]  and  Goodyer  [3.35]  have  considered 
flow  over  test  articles  In  ground  effect,  Goodyer 

[3.35]  has  described  the  simulation  of  steady- 
state  pitching  In  free-air  flight,  and  Davis 

[3.36]  has  discussed  the  possibility  of  adaptive- 
wall  experimental  simulation  of  other  types  of 
tunnel  boundary  conditions  for  which  residual 
Interference  can  be  corrected  more  easily. 


3.1.2  20  Adaptive-Wall  Test  Section  Developaent 

Once  decisions  were  made  to  conmence  hard¬ 
ware  development  to  Implement  the  adaptive-wall 
concept,  two  fundamentally  different  approaches 
emerged  for  providing  control  of  the  flow  In  a  2D 
test  section.  The  first  Is  the  use  of  flexible. 
Impermeable  top  and  bottom  walls  of  the  general 
type  used  In  the  pioneering  work  of  the  National 
Physical  Laboratory  (NPL)  In  the  UK.  The  second 
Is  the  use  of  ventilated  top  and  bottom  walls  of 
the  general  type  used  In  conventional  perforated 
and  slotted  test  sections,  but  with  the  addition 
of  further  control  distributed  along  the  length 
of  the  tunnel.  Distributed  porosity  and  seg¬ 
mented,  Individual  plenum  chamber  control  adjoin¬ 
ing  the  ventilated  walls  were  selected  by  various 
groups.  In  all  ventllated-wall  facilities  for 
adaptive-wall  Investigations,  with  the  exception 
of  limited  experiments  by  Weeks  [3.26]  In  which 
contoured  slots  were  examined,  the  ventilated 
walls  are  planar  and  rigid. 

Each  of  these  approaches  offered  advantages 
to  the  organizations  that  selected  them  and 
although  there  were  common  problems,  there  also 
were  problems  unique  to  each.  For  example,  both 
approaches  had  to  deal  with  the  finiteness  of 
control,  not  only  the  truncation  of  the 
controlled  part  of  the  test  section  upstream  and 
downstream,  but  also  the  finite  spacing  between 
control  Jacks  or  the  finite  size  of  Individual 
plenum  chambers  and  regions  of  controlled  venti¬ 
lation.  The  outer-flow  computational  requirements 
are  essentially  the  same  for  both  approaches.  The 
Interface  measurement  requirements  are  distinctly 
different  In  the  two  approaches,  however.  The 
flexible.  Impermeable  wall  lends  Itself  readily 
to  measurement  of  wall  static  pressure  by  means 
of  static  orifices  and  measurement  of  wall  dis¬ 
placement  from  Its  Initial,  undeformed  position. 
The  deformation  of  the  walls  from  planar  surfaces 
had  to  be  Investigated  with  respect  to  the  outer- 
flow  computation  and  the  modified  growth  of  the 
boundary  layers  on  the  top  and  bottom  walls  due 
to  the  presence  of  the  model  also  had  to  be 
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investigated.  For  ventilated  walls,  it  is  neces¬ 
sary  to  place  the  interface  surface  a  finite 
distance  within  the  walls  in  order  to  reaain 
outside  the  transpired  wall  boundary  layer  and  to 
avoid  the  complex  three-dimensional  flow  in  the 
iaaediate  vicinity  of  the  ventilation  mechanism 
(perforations  or  slots).  This  led  to  extensive 
research  into  suitable  means  for  accomplishing 
these  measurements  as  efficiently  and  nonintru- 
siveiy  as  possible.  Details  of  the  Interface 
measurement  systems  are  contained  in  the  descrip¬ 
tions  of  the  various  ventilated  test  sections  in 
the  Appendix. 

The  2D  facilities  that  demonstrated  the 
feasibility  of  the  adaptive-wall  concept 
initially  during  1970  to  197S  were  the 

Southampton  University  Low-Speed  Self-Stream¬ 
lining  Tunnel  (SSUT),  the  ONERA  S4LCh  transonic 
tunnel  at  Chalais  Meudon,  and  the  Calspan  ATC 

One-Foot  transonic  tunnel  at  Buffalo.  The 
Southampton  and  ONERA  tunnels  have  flexible, 
impermeable  walls  and  the  Calspan  tunnel  had 
perforated  wails  with  individual,  segmented 
plenum  chambers.  Descriptions  of  these  three 

facilities  are  given  in  Chapter  2  and  the 
Appendix.  Initial  experiments  were  performed 
during  the  period  1973  to  1975  and  were  published 
in  1975.  The  Initial  Southampton  results  [3.37], 
13.381  were  for  a  circular  cylinder  of  about  30X 
solid  blockage  and  an  NACA  0012-64  airfoil 

section  of  10. SX  blockage,  both  at  low  speeds. 
The  unconfined  outer-flow  computations  were  per¬ 
formed  with  linear,  incompressible-flow  methods. 
The  ONERA  results  (3. 9|, 13.101  were  for  the 
strongly  supercritical  cases  of  H  •  0.86,  a  °  0 
deg  and  M  >  0.85,  a  >  6  deg  with  an  NACA  64A010 
airfoil  section  of  4.4X  solid  blockage.  The 
unconfined  outer-flow  computations  were  numerical 
solutions  of  the  TSDE.  The  Calspan  ATC  case 
13.391  was  for  mildly  supercritical  flow  at  M  - 
0.55,  a  -  6  deg  for  an  NACA  0012  airfoil  section 
of  6X  solid  blockage.  The  unconfined  outer-flow 
computations  were  performed  with  a  linear  method 
(3.61  based  on  the  Prandti-Glauert  equation. 

During  the  time  period  from  1975  to  1980, 
several  additional  20  test  sections  were  built 
and  used,  namely  the  NASA/ARC  25x13  cm  transonic 
tunnel,  the  ONERA/CERT  T2  cryogenic  transonic 
tunnel,  the  Southampton  University  Transonic 
Self-Streamlining  Mind  Tunnel  (TSHT),  and  the  TU- 
Berlin  TUB(20)  transonic  tunnel.  The  NASA/ARC 
test  section  has  slotted  walls  and  individual, 
segmented  plenum  chambers,  while  the  others  have 
flexible,  impermeable  walls.  All  of  these  facil¬ 
ities  are  described  in  Chapter  2.  Another  tran¬ 
sonic  facility  modified  in  this  time  period  was 
the  AEDC  One-Foot  Aerodynamic  Hind  Tunnel  (IT). 
Tunnel  IT  is  described  in  Chapter  2,  but  only  in 
its  30  adaptive-wall  configuration.  In  20,  two 
different  sets  of  perforated  walls,  both  with  and 
without  individual  sub-plenum  chambers,  were 
built  and  tested  13.401, (3.411. 

Five  additional  2D  test  sections  have  been 
built  or  modified  in  the  last  few  years.  All  of 
these  are  described  in  Chapter  2  and  the 
Appendix,  namely  the  low-speed  University  of 
Naples  Istituto  di  Aerodinamica  "Umberto  Nobile* 
Adaptive  Halls  Hind  Tunnel  (AHHT),  the  NASA/ARC 
2x2  ft  Transonic  Hind  Tunnel,  the  NASA/LaRC  0.3-m 
Transonic  Cryogenic  Tunnel  (TCT),  the  ONERA/ 
Chalais  Meudon  S5Ch  supersonic  tunnel,  and  the 
low-speed  Adaptive  Hall  Hind  Tunnel  at  North¬ 
western  Polytechnical  University  in  Xian,  China. 
All  have  flexible,  impermeable  walls  except  the 
NASA/ARC  tunnel  which  has  slotted  walls  and  indi¬ 
vidual,  segmented  plenum  chambers,  and  SSCh  which 
has  walls  formed  of  thin  transverse  sliding 
plates  that  can  be  preset  to  prescribed  20 
contours. 


The  investigations  carried  out  in  all  of  the 
2D  test  sections  from  about  1975  to  the  present 
fall  into  three  general  speed  ranges,  and  the 
flows  will  be  categorized  in  this  report  as 
belonging  to  Groups  1  to  3.  Group  1  flows  involve 
testing  at  subsonic  free-stream  conditions  with 
flow  over  the  model  that  may  be  supercritical, 
but  with  subcritical  flow  at  the  interface  and 
walls.  Linear  compressible  outer-flow  calcula¬ 
tions  have  been  found  to  be  a  satisfactory 
approximation.  Research  in  Group  1  flows  has  led 
to  the  development  of  rapid  and  efficient 
adaptation  procedures  and  other  practical  aspects 
for  routine  operational  testing.  For  example, 
modern  wall  interference  assessment  and  correc¬ 
tion  methods  have  been  intnxNjced  to  use  the 
interface  measurements  to  evaluate  the  residual 
interference  that  remains  after  adaptation,  see 
Chapter  6.  Most  of  the  test  sections  listed  above 
have  emphasized  Group  1  development.  Group  2 
flows  involve  testing  at  subsonic  free-stream 
conditions  but  with  supercritical  flow  extending 
to  and  beyond  the  Interface  and  wall  locations  as 
well.  The  principal  emphasis  here  was  on  the 
fundamental  development  of  techniques  to  accom¬ 
plish  adaptation  at  these  test  conditions.  The 
test  sections  used  most  extensively  for  Group  2 
flow  development  were  the  AEDC  Tunnel  IT  and  the 
Calspan  ATC  One-Foot  Tunnel  during  1976  to  1981 
and  the  Southampton  TSHT  Tunnel  more  recently. 
Group  3  flows  involve  testing  at  supersonic  free- 
stream  Mach  numbers.  The  facility  used  is  the 
ONERA/Chalais  Meudon  S5Ch  where  tests  at  M  -  1.2 
have  been  accomplished  recently.  Details  of  the 
various  adaptation  strategies  for  all  flow  groups 
are  given  in  Sections  3.2.2  and  3.2.3  with 
selected  results  in  Section  3.3.1. 

A  final  class  of  20  adaptive-wall  test 
sections  that  has  not  been  mentioned  previously 
is  cascade  tunnels.  Southampton  University  did 
pioneering  research  in  1975  (3.35),  (3.37),  (3.42), 
and  the  facility  is  described  in  Chapter  2  and 
the  Appendix.  Recently,  the  University  of  Genoa 
has  developed  two  transonic-f1ow  cascade  facili¬ 
ties,  one  for  blade  rows  with  small  flow  deflect¬ 
ion  and  the  other  for  blade  rows  with  large  flow 
deflection  (3.431.  Cascade  tunnels  will  not  be 
discussed  further  in  this  report;  interested 
readers  should  consult  the  references  cited  above. 


3.1.3  3D  Adaptive-Hall  Test  Section  Development 

Adaptive-wall  development  in  3D  flows  has 
followed  two  distinct  paths.  The  first  path, 
which  is  described  in  this  section,  is  the  exten¬ 
sion  to  3D  of  the  basic  principle  of  matching  two 
independent  flow-disturbance  quantities  for  an 
experimental  inner  flow  with  those  for  a  computed 
outer  flow  over  an  entire  Interface  surrounding 
the  test  article.  The  second  path,  which  is 
described  in  Chapter  4,  aims  at  accomplishing 
testing  of  3D  configurations  in  2D  test  sections 
with  flexible,  i^iermeable  top  and  bottom  walls. 
Instead  of  matching  over  the  entire  interface, 
the  interference  is  reduced,  or  adjusted  to  be 
approximately  constant  and  hence  correctable, 
along  a  specified  line  in  the  inner,  experimental 
flow  field. 

In  this  chapter,  the  complete  adaptation 
procedure  is  under  consideration,  so  the  test 
sections  described  are  those  which  embody  that 
concept.  Just  as  in  2D,  two  fundamentally 
different  approaches  to  wall  control  have  been 
implemented.  The  facilities  with  flexible,  imper¬ 
meable  walls  are  the  Sverdrup  Technology  Adaptive 
Hall  Automotive  Tunnel  (AHAT)  with  independent, 
longitudinally-controlled  slats  on  the  top  wall 
and  sidewalls  for  low-speed,  high-blockage,  road- 
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vehicle  testing:  the  TU-Berlln  TUB(30)  octagonal- 
cross-section  transonic  tunnel;  and  the  DFVLR/ 
Gottingen  DAM  circular-cross-section,  rubber-wall 
transonic  tunnel.  The  facilities  with  ventilated 
walls  are  the  NASA/ARC  25x13  ca  transonic  test 
section  with  slotted  top  and  bottoa  walls  that 
have  Individual,  segaented  plenua  chambers 
arranged  longitudinally  and  laterally  plus  solid 
sidewalls;  the  AEDC  Aerodynamic  Hind  Tunnel  (IT) 
with  a  3D  transonic  test  section  that  has  a  total 
of  64  Individually-controlled,  variable-porosity 
segments  on  a11  four  perforated  walls  plus  global 
plenua  pressure  control;  and  the  University  of 
Arizona  Adaptable-Mall  Mind  Tunnel  for  low-speed, 
powered-lift,  large-fiow-def1ect1on  testing  with 
louvered  vanes  on  the  top  wall,  louvered  vanes 
ventilated  to  the  stilling  chamber  on  the  bottoa 
wall,  solid  sidewalls,  an  upstream  variable-angle 
nozzle  to  Introduce  the  free-stream  flow  Into  the 
test  section,  and  a  valve  at  the  downstream  end 
of  the  test  section.  A11  of  these  facilities  are 
described  In  Chapter  2  and  the  Appendix. 

Another  facility,  which  Is  not  described  In 
Chapter  2,  Is  Aerodynamic  Mind  Tunnel  (4T),  a 
Four-Foot  square  operational  facility  at  AEDC.  In 
laterally-syBKtrlc  3D  adaptive-wall  experiments 
(3.441,  there  were  four  control  degrees  of 
freedom,  namely  the  uniform,  but  adjustable, 
porosity  of  the  top,  bottom  and  sidewalls  (which 
were  ganged  together  to  move  In  unison)  plus  the 
globally  uniform,  but  variable,  plenum-chamber 
pressure. 

Both  the  NASA/ARC  and  University  of  Arizona 
test  sections  have  ventilated  top  and  bottom 
walls,  but  plane,  Impenneable,  undefoniable  side- 
walls.  The  flaw  through  the  top  and  bottom  walls 
varies  laterally  because  the  velocity  component 
normal  to  a  ventilated  wall  responds  to  the 
pressure  at  the  wall  Induced  by  the  test  article. 
Moreover,  the  plenum  chambers  of  the  MASA/ARC 
test  section  are  segmented  laterally  as  well  as 
longitudinally.  Both  test  sections  are  adapted  by 
matching  over  the  entire  Interface,  which  does 
not  coincide  with  the  walls.  Adaptation  may  be 
possible  because  at  every  point  on  the  Interface, 
both  Independent  flow-disturbance  quantities  will 
change  when  the  wall  controls  are  adjusted.  The 
key  requirements  for  adaptation  are  first,  that 
the  existing  top  and  bottom  wall  controls  have 
sufficient  control  effectiveness  to  accomplish 
complete  matching  over  the  entire  Interface,  and 
second,  that  measurements  at  an  Interface  surface 
noncoincident  with  the  walls  are  practical. 
Therefore,  plane.  Impermeable  sidewalls  without 
provisions  for  controlling  the  flow  do  not 
necessarily  preclude  practical  30  adaptation  over 
the  entire  Interface.  Further  analysis  Is  neces¬ 
sary  and  should  be  related  to  the  analysis  of 
Chapter  4  for  3D  adaptation  by  means  of  flexible. 
Impermeable  top  and  bottom  2D  walls. 

Adaptive-wall  Investigations  have  been 
performed  for  the  same  three  groups  of  flow  In 
the  30  transonic  tunnels  as  In  2D;  namely  Group  1 
flows  (TU-Berlln,  DFVLR,  AEDC  and  HASA/ARC), 
Group  2  flows  (AEDC),  and  Group  3  flows  (TU- 
Berlln  and  DFVLR).  Details  of  the  adaptation 
strategies  are  given  In  Sections  3.2.4  and  3.2.5 
with  selected  results  In  Section  3.3.2. 

A  final  type  of  30  adaptive-wall  experiment 
was  performed  recently  In  the  Southampton  SSMT 
for  a  swept-wing  panel  at  low  speed 
13.451,(3.46).  Although  use  Is  made  of  skewed  20 
wall  deflections,  the  flow  field  about  a  swept 
wing  Is  three  dimensional,  particularly  In  the 
boundary  layer.  However,  for  the  Southmapton  test 
conditions,  the  adapted  results  exhibited  the 
characteristics  predicted  by  Inviscid,  simple- 
sweep  theory. 


3.2  Strategy  of  Adaptation 

The  flow  about  a  30  model  In  a  transonic 
wind  tunnel  Is  shown  schematically  In  Fig.  3.1, 
as  described  In  Section  3.1.1.  The  flow  can  be 
considered  to  have  an  Inner  region,  denoted  as  1, 
that  Is  separated  from  an  outer  region,  denoted 
as  11,  by  an  Interface  (control  surface),  S.  Note 
that  the  shaded  zone  In  Fig,  3.1  denotes  the 
domain  beyond  the  ventilated  wall,  but  not  the 
entire  outer  region  II.  The  schematic  Is  of  a 
perforated,  rigid-wall  test  section  for  which  the 
Interface  lies  within  the  wall  a  finite  distance 
In  order  to  avoid  the  details  of  the  locally  3D 
flow  through  the  wall.  However,  the  same 
principles  apply  If  the  Interface  S  Is  coincident 
with  a  flexible.  Impermeable  wall.  In  that  case  S 
no  longer  Is  of  uniform  cross  section,  but 
follows  a  stream  surface  of  the  flow  and 
generally  Is  assumed  to  coincide  with  the 
deformed  wall  or  a  suitable  mean  wall  position, 
with  proper  adjustment  for  the  displacement 
thickness  of  the  wall  boundary  layer. 

In  principle.  It  Is  straightforward  -  but 
not  obvious  -  to  determine  whether  a  given  wind- 
tunnel  experiment  Is  Interference  free,  I.e., 
whether  specified  far-fleld  boundary  conditions 
are  satisfied.  A11  that  Is  required  Is  to  measure 
the  distributions  of  two  Independent  flow  vari¬ 
ables,  such  as  two  velocity  components  or  the 
static  pressure  and  flow  Inclination,  at  the 

surface  S.  If  these  two  measured  distributions 
are  consistent  with  the  far-fleld  boundary 

conditions,  the  flow  Is  matched  at  the  Interface 
and  Is  Interference  free.  A  practical  procedure 
to  determine  far-fleld  consistency  Is  to  employ 
one  of  the  measured  distributions  as  Inner 
boundary  values  and  carry  out  a  calculation  of 
the  flow  field  exterior  to  the  surface  S, 

satisfying  both  the  appropriate  equations  of 

motion  In  the  region  exterior  to  S  and  the  far- 
fleld  boundary  conditions,  if  the  experimental 
flow  field  Is  Interference  free,  measured  and 
computed  values  of  the  other  distribution  at  S 
will  match  at  the  Interface.  If  they  are  not  the 
same,  there  Is  wall  Interference  In  the  wind 
tunnel,  I.e.,  the  simulation  Is  not  exact. 

In  other  words,  the  flow  field  Is  considered 
to  consist  of  an  experimental  Inner  region  Joined 
to  a  computed  outer  region;  the  former  satisfies 
the  correct  Inner  conditions  (Including  viscous 
effects,  effects  of  power,  etc.),  and  the  latter 
Incorporates  the  desired  outer  conditions.  Thus 
the  question  of  exact  simulation  Is  reduced  to 
the  question  of  matching  at  S,  the  Interface.  It 
seats  clear,  moreover,  that  when  the  matching  Is 
not  perfect,  the  matching  error  Is  a  measure  of 
the  Interference. 

These  conclusions  can  be  expressed  symboli¬ 
cally.  To  do  this,  the  general,  nonlinear  theo¬ 
retical  framework  presented  by  Sears  and  Erickson 
(3.5)  will  be  followed.  The  questionnaire 
distributed  by  H612  used  this  framework  as  Its 
basis  and  so  the  responses  reported  In  the 
Appendix  are  cast  In  these  terms.  However,  It 
should  be  noted  that  the  equation  numbers  In  the 
Appendix  (for  the  ''erms  of  Reference  and  the 
Questionnaire)  differ  from  those  In  this  section. 

Let  the  two  flow-variable  distributions, 
which  are  measured  at  field  points  on  the  Inter¬ 
face,  be  called  Pi  (1>l,...Np)  and  Qi  (Wl,...,Nq), 
where  Np  does  not  need  to  be  ^a1  to  Ng 
necessarily.  Further,  let  the  symbol  PiIQji 
denote  the  result  of  calculating  the  outer  field 
using  the  distribution  Qj  as  Inner  boundary 
values  and  satisfying  the  far-fleld  conditions; 
I.e.,  Pi(Qjl  Is  the  distribution  Pi  derived  from 
this  computation.  Let  the  superscript  m  denote 
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■easured  values;  the  condition  for  Interference- 
free  sliaulatlon  Is  then 

p.lQp  =  p“  (3.1) 

Usually,  the  two  distributions  of  Pi  are  not 
found  to  be  Identical;  there  Is  a  distribution  of 
matching  error  at  the  Interface.  Let  this  be 
called  DPf,  defined  as 

DP.  =  p.[Qp  -  P"  (3.2) 

The  cooplete  adaptation  process  alas  at  driving 
this  matching  error  to  zero  Iteratively  and  Is 
discussed  next. 


3.2.1  Theoretical  Basis  of  Co^ilete  Adaptation 

In  an  adaptive-wall  tunnel,  the  control 
variables  can  be  denoted  by  Xj  (j-l,,..,M).  The 
Xi  are  not.  In  general,  the  sane  as  the  Pj 
although  they  may  be,  as  discussed  later. 
Generally,  adjustment  of  each  Individual  Xj 
affects  a11  measured  values  Pi*  and  Qi*.  This  can 
be  expressed  In  terms  of  control -effect  matrices, 
which  can  be  measured,  or  a..,rox1aated  In  some 
manner,  as  aPi/aXj,  aQi/aXj,  which  are  Np  x  H  and 
Mq  X  H,  respectively. 

Adjustment  of  the  control  variables  gives 
Pj  +  (aP|/ax.)4Xj 

Q, +  (aQ|/ax.)AXj 

where  summation  over  J  Is  Implied.  The  matching 
error  after  such  an  adjustment  Is  given  by 
d'®p,  =  p.  (Q"  +  (aQ^/ax.  )AXj  I 

-p“-(ap,/aXj)AX.  (3.3) 

which  Indicates  that  suitable  adjustments  AXj 
should  be  able  to  drive  0(2)  Pj  toward  zero. 

Local  linearization  of  the  outer-flow 
calculation  leads,  using  the  expression  for  OP; 
In  Eg.  (3.2),  to 

D‘®Pj  =  DP,  +  (P|  (aQ^  /ax. )  -  (ap.  /ax.  )|ax  ^  (3.4) 

Then,  If  M  -  Up,  0(2)P1  will  be  zero  If 

AX.  =  KaPj  /aXj )  -  p,  (aq^  /ax.  ir  ‘  dp,  (3.5) 

where  {  )~(  denotes  matrix  Inversion.  In  the  more 
likely  case  of  M  <  Np,  the  matrix  Inversion  must 
be  generalized  In  some  appropriate  sense,  say  by 
a  least-squares  procedure.  Eg.  (3.5)  Is  equiva¬ 
lent  to  the  formula  first  given  by  Dowell  (3.471. 

The  special  case  where  Xj  •  Pj  follows  In  the 
same  way  with  the  control -efrect  matrices  reduced 
to  the  single  matrix  aQi/aPj,  which  Is  Nq  x  Np  and 
the  control  Increment  Is  APj.  The  general  form 
corresponding  to  Eg.  (3.3)  Is 

d'®p,  =  P,  IQ”  +  (aq^/ap.  iap.i  -  p“  -  ap,  (3.6) 

which  becomes,  upon  local  linearization, 

D'»P,  =  DP,  +  IP,  (aq^/aPj)  -  8,j|  APj  (3.7) 

where  8ij  Is  the  Kronecker  delta.  Inversion  (In 
the  same  sense  as  above)  to  force  D(2)Pi  to  zero 
gives 

AP^  =  [8,J  -  P,  (aq^/ap,)r '  dp,  (3.8) 

For  Group  1  flows  In  which  the  outer-flow 
calculation  Is  linear,  the  relationship  in 
Eg.(3.8)  Is  equivalent  to  the  *ona-step*  formulae 
which  have  been  derived  analytically  (3.3), 


(3.41,  13.151-13.18],  13.27),  i3.31|-[3.331,  see 
Section  3.1.1. 

The  concept  of  ‘one-step"  methods  has  not 
always  been  characterized  consistently  In  the 
literature.  As  described  In  Section  3.1.1  and 
laaedlately  above,  the  adaptation  procedure  Is 
fundamentally  Iterative.  That  Is,  each  time  a 
control  variable  Is  changed  the  entire  flow  field 
within  the  test  section  changes.  However,  by 
means  of  various  classical  analysis  techniques 
(e.g.,  separation  of  variables  and  Fourier 
analysis  In  20  and  30  |3.16|-(3.t8|,[3.31|, 

Cauchy's  Integral  formula  In  20  13.27],  and 
Green's  theorem  In  20  and  30  ]3.4J,  ]3.32], 
(3.331),  equations  can  be  developed  to  use  the 
distributions  of  both  measured  variables  over  the 
entire  Interface  for  predicting  control  changes 
that  will  accelerate  convergence.  A  related 
numerical  method  based  upon  discretization  of  the 
governing  linear  equations  In  30  has  been 
developed  by  Nebstock  (3.3],  (3.15).  The  ‘one- 
step"  terminology,  as  used  here.  Implies  that  the 
control  adjustments  to  be  made  result  In  changes 
to  the  entire  flow  field,  but  within  constraints 
so  that  the  changes  In  Important  flow  quantities 
are  of  higher  order.  For  example,  Lo,  et  al. 
)3.16]-I3.1B]  assume  In  their  20  analyses  that 
the  flow  over  the  test  article  due  to  viscous, 
transonic  and  vortical  effects  neglected  In 
linear  compressible  flow  are  essentially  the  same 
before  and  after  the  one  step.  Including  the 
lift.  Heddergott  and  Uedemeyer  (3.31)  and 
Rebstock  (3.3),  ]3.15]  make  the  same  assumptions 
In  30.  In  20  only,  Kraft  and  Dahm  ]3.27]  elim¬ 
inated  the  necessity  for  assuming  that  the  lift 
remains  unchanged  and  so  generalized  the  Lo,  et 
al.  approach.  The  efficacy  of  any  of  these  ‘one- 
step*  methods  can  be  Judged  only  by  Its  practical 
application  to  experimental  adaptations  and  will 
be  discussed  In  the  remainder  of  this  chapter. 

Many  of  the  adaptive-wall  Investigations  to 
date  have  made  approximations  to  either  Eqs. 
(3.5)  or  (3.8).  For  example,  the  matrix  aQk/aPj  In 
Eq,  (3.8)  Is  often  neglected  because  It  requires 
both  extensive  measurements  and  the  evaluation  of 
the  matrix  of  all  the  outer-flow  calculations 
PllJQk/4Pjl.  Neglect  of  such  terms  and  the 
approximations  that  were  made  In  the  local 
linearization  to  derive  Eqs.  (3.5)  and  (3.8)  lead 
to  the  necessity  for  the  Introduction  of  relaxa¬ 
tion  factors  Into  these  equations  to  account  for 
what  has  been  neglected  and/or  approximated. 

Finally,  the  question  arises  as  to  what 
constitutes  adaptation;  I.e,,  In  what  way  Eq. 
(3.1)  Is  to  be  satisfied.  Some  Investigators  have 
Introduced  figures  of  merit  to  characterize  the 
nature  of  the  matching  error  In  Eq.  (3,2).  The 
choices  will  be  discussed  below. 

For  flexible.  Impermeable  adaptive-wall 
control,  the  Interface  generally  coincides  with 
the  wall  and  the  appropriate  control  variable, 
Xj,  Is  wall  displacement  which  Is  an  Integral  of 
the  wall  slope  and  Is  directly  related  to  the 
velocity  component  nonul  to  the  wall,  which  then 
Is  taken  as  Pj.  Thus  Eq.  (3.8)  or  approximations 
to  It  apply,  ventilated  walls,  on  the  other  hand, 
necessarily  have  the  Interface  noncoincident  with 
the  wall  and  Eq.  (3.5)  or  approximations  to  It 
apply.  In  the  ventilated  case.  It  Is  somewhat 
arbitrary  as  to  which  measurement  variables 
shwid  be  taken  as  Pi  and  q;.  The  choices  that 
have  been  made  will  be  described  for  the 
individual  facilities. 

In  the  discussions  which  follow,  the 
highlights  of  the  adaptation- strategy  techniques 
of  the  different  Investigators  are  given.  More 
detail  generally  Is  available  for  each  facility 
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1n  the  questionnaire  responses  given  In  the 
Appendix. 


3.2.2  2D  Flexible,  Iaperaeab1e-Ua11  Applications 

It  Is  useful  to  Introduce  at  the  outset  the 
concept  of  aerodynaelcally-stralght  walls  In  an 
eapty  flexible,  lepenaeable-wall  test  section. 
Due  to  boundary- layer  growth  on  all  four  walls,  a 
test  section  with  parallel  walls  will  exhibit  an 
acceleration  of  the  flow  along  Its  length.  An 
aerodynanical 1y-stra1ght  wall  configuration  Is 
generated  by  divergence  of  the  top  and  faotton 
flexible  walls  to  the  appropriate  shapes  that 
Insure  that  the  wall  static  pressure  distribution 
Is  constant  along  the  test-section  length  without 
a  aodel  present.  The  exact  configurations  for 
each  facility  are  a  function  of  Mach  number  and 
Reynolds  number  and  can  be  calibrated  once  and 
for  a11.  At  free-stream  Mach  numbers  approaching 
one,  problems  can  be  encountered  In  determining 
aerodynam1ca11y-stra1ght  contours  I3.48I,  In 
part,  at  least,  because  of  the  sensitivity  of 
Mach  number  to  flow  cross-section  area  near  M*l. 

Flow  charts  for  the  alternative  adaptation- 
strategy  logic  that  can  be  used  for  this  class  of 
test  sections  are  given  In  F1g.  3.2,  which  Is 
taken  from  Chevalller,  et  a1.  at  ONERA  1 3.49 1 .  In 
terms  of  the  analysis  In  the  previous  section, 
the  flow-variable  distribution  Qi  Is  the  longi¬ 
tudinal  disturbance  velocity  component  u  deduced 
from  the  wall  static-pressure  orifices  and  Pi  Is 
the  normal  velocity  component  v  deduced  from  the 
slope  of  the  wall.  In  the  special  case  of 
linearized  compressible  Group  1  flows  represented 
by  the  Prandtl-Glauert  equation  with  a  planar 
Interface,  the  operators  G  and  G'^  are  given  by 
(see  also  Eqs.  (6.34)  In  Section  6.2.1  of  this 
report) 


„W  =  GM=--J'  (3.9) 

nP  I.,  t-x 


v(x)  =  C->(u>='rM*  ^ 

n  ) E-i 


However,  In  Fig.  3.2,  G  and  G'^  still  are  In  the 
form  of  general  nonlinear  operators. 

In  the  Inverse  mode  In  Fig.  3.2,  the  outer- 
flow  calculation  operator  G"'  corresponds  to 
FllQj"].  The  mismatch  error  distribution  DPi  In 
the  Inverse  mode  Is  vpre  -  vi  and  Is  driven  to 
zero  In  the  Iterative  scheme.  This  Is  a  straight¬ 
forward  application  of  the  theoretical  formula¬ 
tion  of  the  previous  section. 

The  direct  mode  In  Fig.  3.2  Involves  two 
outer-flow  calculation  operators,  namely  G,  which 
corresponds  to  Qi(Pj"|  and  Its  Inverse  G'*,  which 
In  this  Instance  corresponds  to  PiloiQjlPk'') 
+  (l-u)Qj*l  where  u  Is  a  relaxation  factor.  The 
mismatch  error  distribution  DQi  In  the  direct 
mode  Is  Upre  -  ui,  which  Is  driven  to  zero 
Iteratively.  In  transonic  flow,  upre  -  ui  1$  a 
much  more  sensitive  Indicator  of  convergence  of 
the  Iterative  process  than  Is  vpre  -  vi.  Although 
the  direct  mode  Involves  two  outer-flow  calcu¬ 
lations  per  Iterative  step.  It  Is  the  preferred 
mode  of  operation  and  the  procedures  suaearlzed 
In  this  section  use  It. 

Judd,  Molf  and  Goodyer  at  Southampton 
University  f3.ll),  13.60)  recognized  a  slmpllfl- 
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Fig.  3.2  Flow  charts  for  direct  and  Inverse 
nodes  of  2D  flexible.  Impermeable- 
wall  -test-section  control  algorithms 
(from  13.491). 

cation  In  the  direct  node  for  the  linear  case. 
They  call  this  their  predictive  strategy.  They 
assume  that  the  result  of  the  outer-flow  operator 
G  Is  available  In  the  first  Iterative  step  from  a 
calculation  based  on  a  given  wall  shape,  ypre,  at 
the  appropriate  test  Mach  number  and  Reynolds 
number.  It  then  follows  that  the  G  operator  in 
subsequent  Iterative  steps  can  be  determined  by 
suitably-relaxed  addition  of  Its  previous  value 
and  the  current  Interface  measurement;  I.e., 
without  an  outer-flow  calculation.  The  simplest 
outer-flow  evaluation  of  the  G  operator  Is  for  a 
wall  which  Initially  Is  aerodynamical 1y  straight; 
I.e.,  one  for  which  vj  •  0,  and  so  U|  •  0  from 
the  G  operator.  In  this  case,  the  outer-flow 
calculations  for  G  need  not  be  made  at  all  In  the 
direct  mode,  but  only  the  outer-flow  calculations 
for  G"*.  Many  of  the  descriptions  In  the  litera¬ 
ture,  e.g.,  by  Barg  at  TU-Berlln  13.13),  and  by 
He  and  Zuo  at  Horthwestern  Folytechnical  Univer¬ 
sity  13.51),  begin  the  Iteration  procedure  with 
an  aerodynamical ly-stralght  wall.  However,  as  can 
be  seen  In  the  responses  In  the  Appendix  to 
Question  3.3,  most  facilities  have  a  wide  lati¬ 
tude  In  the  choice  of  Initial  conditions  In  order 
to  facilitate  rapid  Iterative  convergence. 
Usually,  the  test  Is  begun  with  previously- 
obtained  results  from  a  closely-related  shape, 
say  from  a  previous  Iteration  or  from  a  good 

theoretical  estimate,  rather  than  from  the 
aerodynamical ly-stralght  configuration. 

Judd,  Wolf  and  Goodyer  13.11), 13.50)  further 
showed  from  physical  arguments  that  a  relaxation 
factor  u  •  1/2  applies  If  It  Is  assumed  that 

changes  In  the  wall  shape  adjustment  do  not 
affect  the  model  significantly.  This  Is  the  same 
value  of  u  that  was  conjectured  by  Ferri  and 
Baronti  13.52)  In  their  first  paper.  The 
theoretical  analyses  mentioned  In  Section  3.1.1 
and  subsequent  experience  by  many  Investigators 
(Including  those  at  Southampton  (3.50))  have 
shown  that  a  scalar  relaxation  factor  of  u  •  1/2 
Is  an  oversimplification.  The  resultant  modifica¬ 
tions  will  be  discussed  with  regard  to  the 
strategies  used  In  specific  facilities. 

The  adaptation  strategy  at  ONERA  ,  both  In 

S4LCh  at  Chalals  Meudon  and  In  T2  at  CERT,  has 
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been  developed  very  extensively  end  Is  fully 
autowted  13.49),  [3.53].  Projections  of  the 
■easureaents  of  wall  position  and  static  pressure 
onto  a  nean  planar  reference  surface  are  mde  for 
Input  to  the  outer-flow  calculations.  The  cal¬ 
culations  are  perfonaed  by  neans  of  singularity 
distributions  In  the  Prandti-Glauert  approxlaa- 
tlon  for  linearized  coopresslble  Group  1  flows. 
The  Mdlfled  growth  of  the  top-  and  bottoa-wall 
boundary  layers  froa  their  aerodynaalcally- 
stralght  shapes  due  to  the  laodel  Influence  Is 
taken  Into  account  by  calculating  the  dlsplace- 
■ent  thickness  from  the  wall  velocity  aeasure- 
■ents  using  an  Integral  method  [3. 49).  The  Tree- 
stream  velocity  and  angle  of  attack  are  deter¬ 
mined  as  part  of  the  Iteration  procedure  by  a 
technique  which  weights  the  residual  Interference 
by  a  factor  that  emphasizes  the  region  of  the 
flow  near  the  airfoil.  Procedures  used  by  all  of 
the  other  Investigators  (with  ventilated  and 
Impermeable  walls)  seem  to  consist  of  adjustment 
of  upstream  conditions  to  the  values  required 
there  by  the  outer-flow  calculations,  see  the 
responses  In  the  Appendix  to  Question  3.4.e. 
There  Is  extensive  discussion  of  the  determina¬ 
tion  of  free-stream  velocity  and  angle  of  attack 
In  the  report  of  GARTEur  Action  Group  A0(AG-02) 
13.54).  Sears  13.22),  [3.23]  also  has  discussed 
this  Issue  extensively,  especially  with  regard  to 
high  lift  with  large  flow  deflection.  ONERA  has 
developed  a  very  sophisticated  method  of  relaxing 
the  Iteration.  Instead  of  approximating  the 
matrix  Inversion  In  Eq.(3.8)  by  a  single  con¬ 
stant,  the  P|"  and  Qi*  measurements  are  decom¬ 
posed  Into  mode  shapes  corresponding  to  a  source, 
a  doublet,  a  vortex  and  a  vortex  doublet.  Each  of 
these  modes  has  a  separate  u  that  Is  a  good 
approximation  to  the  nature  of  the  matrix  Inver¬ 
sion  In  Eq.  (3.8)  for  that  mode.  Convergence  In 
at  most  five  steps  (and  generally  less)  can  be 
achieved  depending  on  Initial  conditions  and  the 
severity  of  the  case.  Ho  figure  of  merit  Is  used, 
but  the  Iteration  terminates  when  no  further  wall 
adjustment  Is  possible.  Finally,  residual  Inter¬ 
ference  Is  calculated  by  the  method  of  Capeller, 
et  al.  [3.55). 

Southampton  University  Investigators  also 
have  developed  their  adaptation  strategy  exten¬ 
sively  and  have  automated  It  for  testing  In  the 
the  transonic  TSHT  [3.48),  [3.56).  Developments 
of  the  basic  predictive  strategy  that  Is 
discussed  above  have  been  used  In  most  of  the 
testing.  Subsequently,  though,  Judd  (as  reported 
by  Lewis  [3.48))  has  developed  an  Improved 
procedure  which  Is  called  an  exact  strategy.  This 
exact  strategy  removes  some  of  the  restrictive 
approximations  of  the  predictive  strategy. 
Including  limitations  due  to  the  use  of  a  mean, 
planar  Interface.  Lewis,  et  al.  [3.46),  [3.48] 
have  discussed  results  with  the  various  alter¬ 
native  strategies  for  several  configurations. 
Only  the  well-tested  predictive  strategy  will  be 
discussed  here  because  of  Its  widespread  use  In 
other  facilities  and  the  lack  of  adequate  docu¬ 
mentation  of  the  exact  strategy.  The  modified 
boundary- layer  growth  on  the  top  and  bottom  walls 
In  the  presence  of  the  model  can  be  taken  Into 
account,  although  their  experience  [3.46),  [3.48) 
hat  shown  that  below  M-0.85  the  effect  Is 
unimportant.  The  outer-flow  computations  In  the 
predictive  strategy  are  based  on  singularity 
distributions  In  the  Prandti-Glauert  approxi¬ 
mation  with  Group  1  flows  and  on  numerical 
solutions  of  the  T3DE  with  Group  2  flows  [3.46], 
[3.48].  Southampton  University  Investigators  also 
have  refined  their  method  for  relaxing  the  Itera¬ 
tive  solution.  The  Idealized  a  ■  1/2  discussed 
above  has  been  modified  empirically  to  accelerate 
convergence.  That  Is,  too  and  bottom  flexible- 
wall  coupling  factors  and  scaling  factors  have 
been  determined,  which  change  u  to  a  value  dif¬ 


ferent  from  1/2.  These  factors  provide  an 
Improved  approximation  to  the  matrix- Inversion 
operator  In  £q.(3.8)  and  lead  to  convergence  In 
only  two  steps  on  the  average.  The  figure  of 
merit  Is  the  uniformly-weighted  average  of  the 
modulus  of  the  pressure-coefficient  differences 
across  the  Interface  between  the  measurements  and 
the  computed  outer  flow.  Residual  perturbations 
of  the  flow  at  the  model  location  are  evaluated 
by  the  method  of  [3.32).  Iteration  ceases  when 
the  residual  perturbations  are  reduced  below  a 
fixed  level.  Additional  details  of  the 
Southampton  residual-interference  calculations, 
with  examples,  are  given  In  Section  6.2,  Tables 
6.1  to  5.3,  and  Fig.  6.1  of  this  report. 

The  automated  adaptation  strategy  of  TU- 
Berlln  is  very  similar  to  what  has  been  discussed 
for  ONERA  and  Southampton  University.  A  discus¬ 
sion  of  the  effects  of  the  modified  boundary- 
layer  growth  due  to  the  presence  of  the  model  at 
M  -  0.76  Is  given  In  [3.57].  The  outer-flow 
computation  Is  based  on  analytical  procedures  for 
the  Prandti-Glauert  equation  with  Group  1  flows 
and  on  numerical  solutions  of  the  full-potential 
equations  with  Group  2  flows.  A  scalar  relaxation 
factor  replacing  the  matrix-inversion  operator  of 
Eq.  (3.8)  Is  used  In  the  Iterative  procedure  and 
has  been  determined  empirically  to  achieve  con¬ 
vergence  routinely  In  two  to  four  steps.  Either 
agreement  between  the  measured  and  computed 
longitudinal  velocity  component  at  the  Interface 
or  the  limit  of  no  further  wall  adjustment  Is  the 
criterion  for  convergence.  Residual  Interference 
Is  computed  along  the  airfoil  centerline  by  a 
Cauchy- Integral  method. 

The  new  flexible.  Impermeable-wall  facili¬ 
ties  that  have  been  constructed  In  recent  years 
are  building  upon  the  experience  that  has  been 
achieved  elsewhere.  The  University  of  Naples  AWHT 
Is  Just  beginning  operations  and  has  not  reported 
any  results.  The  NASA/LaRC  TCT  now  has  accom¬ 
plished  a  substantial  amount  of  testing  13.58], 
|3.S9).  The  automated  adaptation  technique  used 
to  date  In  the  TCT  Is  based  upon  the  predictive 
strategy  as  developed  and  refined  at  Southampton 
University.  Northwestern  Polytechnical  University 
uses  an  adaptation  strategy  very  similar  to  that 
of  Southampton  University  and  TU-Berlln.  Besides 
using  a  scalar  relaxation  factor  like  TU-Berlln. 
they  also  have  Investigated  convergence  accelera¬ 
tion  schemes  that  I'^e  the  results  of  successive 
iterative  steps  either  In  an  average  scalar  sense 
over  the  entire  Interface  or  locally  as  a  func¬ 
tion  of  distance  along  the  Interface  [3.51). 


3.2.3  2D  V«nt11ated-Ha11  Applications 

Adaptation  strategy  for  the  ventllated-wall 
tunnels  has  been  driven  In  large  measure  by  the 
Interface-measurement  system  chosen  by  each  group 
of  Investigators.  Since  the  Interface  Is  located 
some  distance  within  the  walls  of  the  test 
section,  the  wall  control  variables,  Xj,  are 
necessarily  different  from  Pj,  so  approximations 
to  Eq.  (3.5)  are  In  order  In  the  most  general 
formulation.  In  most  applications,  however,  Eq. 
(3.8)  has  been  used  with  a  separate  relationship 
established  between  Pj  and  Xj. 

The  Calspan  ATC  One-Foot  Transonic  Tunnel 
and  the  AEDC  Aerodynamic  Hind  Tunnel  (IT),  as 
operated  In  Its  2D  adaptive-wall  Implementation 
[3.401,  [3.41),  had  different  mechanisms  for  wall 
control,  see  Section  3.1.2,  and  some  differences 
In  details  of  the  Instrumentation.  Both  facili¬ 
ties  measured  static  pressure  and  flow  angle  at 
planar  Interfaces  above  and  below  the  test 
article.  The  NASA/ARC  25x13  cm  transonic  tunnel 
uses  an  entirely  different  Interface-measurement 
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systea,  namely  1aser-ve1ac1neter  measuretaants 
only  of  the  vertical  velocity  component:  I.e., 
the  component  normal  to  the  Interface.  Each 
planar  Interface  then  actually  Is  comprised  of  a 
pair  of  displaced  planar  surfaces.  Measurement  of 
the  one  velocity  component  at  the  two  displaced 
planes  also  provides  a  suitable  Independent  pair 
of  measurements  for  Implementing  the  adaptive- 
wall  principle.  The  two  displaced  planar  surfaces 
are  discussed  further  In  Section  6.2.2  with 
regard  to  residual-interference  calculations.  The 
adaptation  strategies  of  each  facility  now  will 
be  discussed. 

In  the  Calspan  ATC  Investigations  [3.39). 
13.60),  [3.61),  experience  showed  that  greater 
sensitivity  and  ease  of  adjusting  the  Individual 
plenum-pressure  control-valve  settings,  Xj,  could 
be  achieved  If  the  disturbance  quantity  set  at 
the  Interface.  Pi.  was  u,  as  determined  from 
static  pipes.  This  followed  first  because  u  Is 
much  more  sensitive  than  v  In  transonic  flow. 
Second,  the  nature  of  Individual  plenum-pressure 
control  Is  such  that  If  the  static  pressure  at  an 
upstream  reference  point  near  the  test-section 
entrance  Is  held  fixed  during  valve  adjustment, 
the  effect  on  u  Is  approximately  zero  upstream  of 
the  plenum  chamber  being  adjusted  and  constant 
downstream.  Thus  a  sequential  adjustment  proce¬ 
dure  beginning  at  the  upstream  end  of  the  test 
section  [3.8)  Is  r^'^lble.  This  procedure  was 
performed  manually;  no  automation  was  developed 
for  these  proof -of -concept  experiments.  The 
quantity  Qi  was  v.  measured  In  Group  1  flows  by 
flow-angle  probes  and  In  Group  2  flows  by  a 
combination  of  the  probes  and  the  two-component 
static  pipes  developed  at  Calspan  ATC  [3.62), 
(3.63).  The  outer-flow  calculation  for  Group  1 
flows  was  by  a  multipole  expansion  technique 
based  on  the  Prandti-Glauert  equation  [3. 6).  and 
for  Group  2  flows  was  by  numerical  solutions  of 
the  TSOE;  all  calculations  were  performed  off 
line.  Care  had  to  be  exercised  to  avoid  an 
unwanted  uniform  crossflow  Induced  by  Imbalance 
between  top  and  bottom  wall  plenum-chamber 
pressure.  Initial  conditions  were  either  esti¬ 
mates  of  P|  calculated  from  theoretical  repre¬ 
sentations  of  the  airfoil  or  valve  settings  from 
a  previous  result.  Although  Eq.  (3.5)  represents 
the  basic  Iterative  procedure  for  this  configura¬ 
tion,  the  relationship  between  AXj  and  APj  was 
satisfied  separately  after  APj  was  found  from  Eq. 
(3.8).  The  actual  technique  used  Eq.  (3.8)  with 
the  matrix-inversion  operator  replaced  by  a 
scalar  relaxation  factor  between  about  0.1  and 
0.5,  with  0.25  and  0.50  being  best  In  limited 
experience  for  subcritical  and  supercritical 
cases,  respectively.  The  relationship  between  the 
distribution  Pj  set  at  the  Interface  and  the 
plenum  pressure  control  valves,  Xj,  followed  the 
sequential  procedure  discussed  above.  No  figure 
of  merit  was  used,  but  Pi*  and  PlIQj*)  were 
plotted  and  compared.  Iteration  terminated  when 
further  Improvement  was  no  longer  possible. 
Residual  corrections  were  not  considered. 

The  AEOC  20  adaptive-wall  experiments 
[3.40),  [3.41)  also  chose  Pi  to  be  u,  as  measured 
by  one-component  static  pipes,  and  Qi  to  be  v,  as 
measured  by  traversing  flow-angle  probes.  In  this 
facility,  longitudinal  wall-porosity  distribu¬ 
tions  and  sub-plenum  chamber  valve  settings  (In 
later  experiments)  were  the  control  variables, 
Xj.  The  outer-flow  calculation  for  Group  1  flows 
was  the  one-step  procedure  based  on  solutions  of 
the  Prandti-Glauert  equation  [3,16), [3. 17)  (see 
also  Sections  3.1.1  and  3.2.1),  and  for  Group  2 
flows  was  numerical  solution  of  the  TSOE.  Initial 
conditions  usually  were  the  uniform-porosity, 
constant-global-plenum-pressure,  empty-tunnel 
calibration  settings  for  the  test  condition 
chosen.  Equation  (3.5)  represents  the  Iterative 


procedure  for  this  configuration,  but  separation 
Into  Eq.  (3.8)  and  a  separate  relationship 
between  AXj  and  APj  was  made.  The  AEDC  one-step 
method  Is  an  exact,  linear  equivalent  of  the 
general  Eq.  (3.8),  as  already  discussed  In 
Section  3.2.1.  The  TSOE  Iterations  approximated 
the  matrix-inversion  operator  of  Eq.  (3.8)  with  a 
scalar  relaxation  factor  of  0.5.  The  relationship 
between  the  distribution  Pj  set  at  the  Interface 
and  the  control  variables  Xj  was  achieved  by 
adjusting  APj  to  be  zero  at  the  upstream  and 
downstream  ends  of  the  test  section  and  In  the 
suction-peak  region  near  the  model.  No  figure  of 
merit  was  used,  but  Pi"  and  PilQj")  were  plotted 
and  compared.  In  cases  for  which  the  linear  one- 
step  method  was  applicable,  no  further  Improve¬ 
ment  could  be  made  after  the  first  step.  In 
supercritical  cases.  Iteration  terminated  when  no 
further  1nq>rovefflent  could  be  achieved.  Residual 
corrections  were  not  considered. 

The  NASA/ARC  2D  experiments  [3.64),  [3.65) 
In  the  25x13  cm  adaptive-wall  tunnel  used  non- 
Intrusive,  traversing  laser-velocimeter  measure¬ 
ments  of  the  vertical  velocity  component,  v, 
which  Is  normal  to  a  pair  of  displaced  planar 
surfaces,  as  already  mentioned.  Therefore,  Pi  was 
defined  as  v  at  the  planar  surfaces  that  are 
farther  from  the  model,  while  Qi  was  defined  as  v 
at  the  planar  surfaces  that  are  nearer.  The 
control-valve  settings  for  the  Individual  plenum 
chambers  adjoining  the  slotted  top  and  bottom 
walls  were  chosen  as  Xj.  The  outer-flow  calcula¬ 
tion  was  by  means  of  numerical  evaluation  of 
analytical  expressions  based  on  the  linear, 
Prandti-Glauert  equation  [3.66)  for  Group  1 
flows.  Although  Eq.  (3.5)  strictly  Is  applicable, 
Eq.  (3.8)  was  used  with  the  matrix-inversion 
operator  replaced  by  a  scalar  relaxation  factor 
of  0.5.  NASA/ARC  pioneered  the  measurement  of  the 
(square)  control -effect  matrices  8Pl/aXi  and  this 
was  an  important  contribution.  They  found  that 
eapty-tunnel  measurements  of  these  matrices  were 
satisfactory  for  their  operating  range  of 
interest.  Initial  conditions  to  begin  the  Itera¬ 
tion  were  "passive  walls",  I.e.,  without  mass 
flow  through  the  walls.  The  figure  of  merit  was 
the  rms  difference  between  the  values  of  Pi  at 
the  control  points  as  measured  and  calculated  for 
the  outer  flow.  The  Iteration  proceeded  until  no 
further  Improvement  In  the  figure  of  merit  was 
possible.  Somewhat  after  the  Initial  experiments, 
linear  two-variable  WIAC  methods,  see  Section 
6.2.1,  were  developed  for  the  displaced-surface 
configuration  (3.67),  13.68)  and  applied  to  the 
data. 

The  NASA/ARC  25x13  cm  adaptive-wall  tunnel 
has  been  used  recently  In  an  experimental  program 
by  Cellk  and  Bodapatl  [3.69).  They  built  upon  the 
previous  NAM/ARC  techniques  and  made  an  exten¬ 
sive  examination  of  the  use  of  the  control -effect 
matrices  aPi/aXj.  They  also  Investigated  sidewall 
pressure  measurements  as  an  alternative  to  the 
laser-velocimeter  measurements  at  the  displaced 
surfaces.  Finally,  they  developed  a  technique  In 
which  they  carried  out  the  bulk  of  the  Iterative 
procedure  for  Eq.  (3.8)  with  the  control -effect 
matrices  used  to  simulate  the  changes  In  the 
Inner,  model-lnduceo  flow  field  during  the 
process.  That  Is,  after  the  first  experiment,  the 
next  steps  were  simulations.  Upon  convergence, 
the  total  changes  In  plenum  pressure,  AXj, 
predicted  by  these  simulations  were  Implemented 
experimentally  to  verify  that  the  Improvements 
had  been  achieved. 

NASA/ARC  also  has  built  a  2D  adaptive-wall 
test  section  for  the  2x2  ft  transonic  wind 
tunnel.  Details  are  given  In  their  questionnaire 
response  In  the  Appendix  and  In  [3.70).  There  Is 
a  great  deal  of  fuxiblllty  available  for  using 
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two-C(»ponent  laser  veloclaetry  with  alternatives 
for  using  u  and  v  at  a  single  planar  surface  or 
either  coagx>nent  at  the  displaced  planar 
surfaces.  Moreover,  the  outer-flow  calculations 
can  be  perfonaed  using  a  variety  of  linear 
■ethods  based  on  the  Prandti-Slauert  equation  for 
Group  1  flows  or  by  nuaerlcal  solution  of  the 
TSDE  for  Group  2  flows.  Schalrer  (3.21]  has 
described  these  alternatives  along  with  nuaerlcal 
siBulatlons.  Prellalnary  experinental  results 
froa  this  tunnel  have  been  presented  In  Adaptive 
Wall  Newsletter  No.  9.  February  1989  and  soae  of 
thea  are  reproduced  In  Section  6.2.1  of  this 
report  under  the  Two-Variable  Method  heading,  see 
Figs.  6.S  to  6.7,  especially.  The  saae  Newsletter 
states  that  developaent  of  this  test  section  has 
been  discontinued. 


3.2.4  30  Flexible.  I^ieraeab1e-Ua11  Applications 

There  Is  very  little  to  suanuirlze  here  that 
Is  conceptually  new  In  the  streaallning  algo- 
rlthas  for  conplete  30  Matching  over  the  entire 
Interface.  The  principal  new  features  are  the  30 
one-step  methods  developed  at  OFVLR/Gdttingen  and 
TU-Ber11n.  This  Is  not  to  say  that  the  practical 
probleas  of  developing  and  Impleaentlng  the 
procedures  were  not  difficult,  but  rather  that 
the  algorithms  have  been  bulU  upon  the  20 
framework  and  experience. 

There  are  three  facilities  with  flexible, 
laperaeable  walls  to  be  discussed  here,  namely 
the  rectangular-cross-section,  low-speed  Sverdrup 
AUAT,  the  circular-cross-section,  rubber-wall 
transonic  OFVLR  0AM,  and  the  octagonal-cross- 
section,  transonic  TU-Berlln  TUB(3D),  see  Section 
3.1.3  and  the  Appendix.  All  three  of  these 
tunnels  use  the  Inverse  mode  of  Fig.  3.2  and  so 
define  Pi  as  the  velocity  coaponent  normal  to  the 
Interface  (here  the  mean  position  of  the  walls), 
vn.  as  evaluated  from  the  wall  slope,  and  Qi  as 
the  longitudinal  velocity  component,  u,  evaluated 
froa  static  pressure  taps  on  the  walls.  The 
Iterative  procedures  In  each  facility  are  based 
upon  Eq.  (3.8). 

The  Sverdrup  AMAT  procedure  (3.711  replaced 
the  matrix  Inversion  of  Eq.  (3.8)  with  a  scalar 
relaxation  factor  u  of  approximately  0.070.  The 
outer-flow  calculations  were  perfonaed  by  an 
Incompressible-flow,  source-panel  method  which 
was  satisfactory  for  their  test  conditions. 
Typical  Iterations  converged  In  three  to  seven 
steps  beginning  either  with  aerodynaalcally- 
stralght  or  suitably-deformed  wall  shapes.  Hall 
adjustaents  were  performed  manually  In  this 
proof-of -concept  program. 

The  OFVLR  DAM  Investigation  Involved  both 
subsonic  and  supersonic  free-streaa  conditions 
(3.31),  (3.72),  (3.731.  For  subsonic  Group  1 
flows,  a  one-step  procedure  (3.311,  (3.74|  was 
developed  to  represent  the  matrix  Inversion  In 
Eq.  (3.8).  The  procedure  Is  analytical  and  Is 
based  upon  separation  of  variables  for  a  cylindrical 
coordinate  system  and  makes  use  of  Fourler-serles 
expansions  In  both  the  longitudinal  and  axiauthal 
coordinates  (see  also  Sections  3.1.1  and  3.2.1). 
The  Interface  cross  section  1$  a  uniform  circular 
cylinder.  The  Iterations  converged  to  a  maximum 
error  In  matched  pressure  coefficient  of  0.005  In 
one  or  two  steps.  For  supersonic  Group  3  flows, 
Eq.  (3.8)  was  approximated  by  a  scalar  relaxation 
factor  of  u  ■  0.50.  The  outer-flow  calculations 
were  performed  by  local  application  of  the  linear 
2D  relationship  between  flow  Inclination  and 
pressure  coefficient  (3.73).  The  procedures  were 
totally  automated.  Residual  interference  correc¬ 
tions  were  assumed  to  be  negligible  and  were  not 
evaluated. 


The  TU-Berlln  TUB(3D)  Investigations  also 
Involved  both  subsonic  and  supersonic  free-streaa 
conditions  (3.3|,  (3.14],  (3.15).  For  subsonic 
free  streams,  two  different  approaches  to  Eq. 
(3.8)  were  used.  In  Initial  experiments,  the 
matrix  Inversion  was  replaced  by  a  scalar  relaxa¬ 
tion  factor,  which  led  to  a  very  slow  rate  of 
convergence  with  an  optimum  u  of  about  0.055 
(3.3],  (3.15).  Subsequently,  a  one-step  procedure 
(3.151  was  developed  In  order  to  represent  the 
matrix  Inversion  better.  A  separatlon-of-varl- 
ables  analysis  following  that  developed  at  DFVLR 
was  not  possible  for  the  octagonal  cross  section. 
Thus  the  TU-B  one-step  method  used  discretization 
of  the  governing  equations  by  means  of  linear 
source-panel  methods  for  Group  1  flows.  The 
outer-flow  calculations  were  performed  by  numer¬ 
ical  solutions  of  the  full-potential  equations 
for  Group  2  flows.  The  Iterations  converged  In 
froa  one  to  four  steps  depending  on  Mach  number 
and  angle  of  attack,  with  fewer  steps  necessary 
for  Group  1  flows.  For  supersonic  Group  3  flows, 
Eq.  (3.B)  was  approximated  by  a  scalar  relaxation 
factor  of  6>  •  0.50.  The  outer-flow  calculations 
were  performed  by  numerical  evaluation  locally  of 
the  nonlinear,  2D  shock-wave  and  expansion-wave 
relationships  (3.14).  The  procedures  were  totally 
automated  and  residual  Interference  perturbations 
were  evaluated  for  the  subsonic  free-streaa 
cases. 


3.2.5  3D  Ventllated-Hall  Applications 

Adaptation  strategy  In  3D  vent1lated-wa11 
applications  has  been  driven  by  Interface- 
measureaent-systea  considerations  just  as  In  2D. 
There  Is  very  little  generality  In  the  approaches 
used  In  the  four  test  sections  to  be  discussed 
here,  see  Section  3.1.3,  namely  the  AEDC  Tunnels 
4T  and  IT  for  Group  2  flows,  the  NASA/ARC  25x13 
cm  tunnel  for  Group  1  flows,  and  the  University 
of  Arizona  AVAfT  for  low-speed,  powered-lift, 
large-flow-deflectlon  testing  In  Group  1  flows. 

The  AEDC  3D  experiments  In  Tunnel  4T  used  a 
straightforward  extension  to  3D  (3.44]  of  the 
AEDC  2D  procedures  that  are  described  In  Section 
3.2.3.  The  variable  Pi  was  defined  as  the  longi¬ 
tudinal  perturbation  velocity  coaponent,  u,  and 
Ql  was  the  velocity  coaponent  normal  to  the 
Interface,  vn.  The  control  variables,  Xj,  were 
the  uniform  porosity  of  the  top,  bottom  and  side- 
walls  (which  were  ganged  together  to  move  In 
unison).  The  Interface  was  of  rectangular  cross 
section  and  a  traversing  conical-head  pressure 
probe  measured  static  pressure  and  flow 
Inclination,  from  which  u  and  vn  were  deduced  by 
means  of  the  TSDE  assumptions.  The  Group  2  outer- 
flow  calculations  consisted  of  numerical  solu¬ 
tions  of  the  TSDE.  Eq.  (3.5)  strictly  holds,  but 
separation  Into  Eq.  (3.8)  and  a  separate  rela¬ 
tionship  between  AXj  and  APj  was  made. The  Itera¬ 
tive  procedure  approximated  the  matrix  Inversion 
operator  of  Eq.  (3.8)  with  a  scalar  relaxation 
factor  of  u  •  0.50.  The  relationship  between  the 
AXj  and  APj  was  determined  by  matching  the 
suction  peaks  In  u  at  the  Interface  In  the  vicin¬ 
ity  of  the  model.  Initial  conditions  were  the 
empty-tunnel  calibration  conditions  for  the  test 
porosity  and  Mach  number.  The  procedure  was  not 
automated  for  these  exploratory  experiments;  the 
Iteration  terminated  when  no  further  Improvement 
could  be  achieved  In  matching  Pi  at  the  Inter¬ 
face.  No  residual  corrections  were  attempted. 

The  AEDC  30  experiments  In  Tunnel  IT 
utilized  a  distinctly  different  Iteration 
procedure  froa  all  other  adaptive-wall  Investiga¬ 
tions  (3.7S)-(3.77).  The  variable  Pi  was  defl/ied 
as  the  static  pressure  coefficient,  cp,  and  Qi 
was  defined  as  the  radial  derivative  of  Cp, 
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acf/ir,  which  Is  nornal  to  the  circular-cross- 
section  Interface.  Pi  and  Qi  were  neasured  by  a 
pair  of  two-component  static  pipes  that  were 
fixed  to  a  mechanism  which  rotated  to  discrete 
angular  positions  around  the  tunnel  centerline. 
The  Group  2  outer-flow  calculations  were  numer¬ 
ical  solutions  of  the  TSDE,  as  written  In  terms 
of  cp;  I.e.,  a  transonic,  small-disturbance 
acceleration  potential.  The  Xj  were  the  ratio  of 
upstream-sidewall-static-pressure  to  tunnel- 
stagnation-pressure  and  the  porosity  of  selected 
groupings  of  wall  segments.  A11  of  this  Is 
described  and  Illustrated  In  greater  detail  In 
the  Appendix. 

The  Iterative  procedure  consisted  of  the 
definition  of  a  limited  figure  of  merit  for  the 
purpose  of  suggesting  the  control  setting  for  the 
next  Iterative  step,  namely  the  rms  value  of  a 
selected  part  of  the  mlsMtch  distribution  OPi. 
Thus,  In  each  Iterative  step,  DPi  was  determined 
for  the  whole  Interface  and  the  limited  figure  of 
merit  was  evaluated;  then  a  search  was  carried 
out  In  control  space  to  reduce  It.  The  control 
effect  was  determined  by  suitably-weighted  Inte¬ 
gration  of  the  dPi/dXj  matrix  measured  at  the  test 
conditions  In  the  presence  of  the  test  article. 
It  was  observed  that  when  the  limited  figure  of 
merit  was  reduced,  the  global  matching  also 
Improved.  Moreover,  It  was  found  useful  to 
redefine  the  limited  figure  of  merit  by  weighting 
the  rms  computation  In  the  region  of  the  model 
wing  and  Ignoring  the  region  near  Its  tall,  and 
vice  versa.  There  was  evidence  that  the  optimal 
procedure  was  to  use  both  of  these  limited 
weightings  In  a  certain  sequence  In  order  to 
obtain  the  best  global  matching  |3.77|.  Iteration 
began  with  Initial  conditions  of  the  empty-tunnel 
calibration  conditions  at  the  test  Mach  number 
and  porosity;  Iteration  terminated  when  no 
further  Improvement  could  be  made,  usually  after 
two  or  three  steps.  Subsequent  to  the  experi¬ 
ments,  30  nonlinear  residual-interference  calcu¬ 
lation  procedures  have  been  Investigated  at  AEOC, 
see  Section  6.2.2. 

The  NASA/ARC  30  experiments  In  the  2Sxl3  cm 
tunnel  followed  an  extension  [3.781  of  the 
NASA/ARC  20  procedures  described  In  Section 
3.2.3.  A  single  flow  variable,  namely  the 
vertical  velocity  component,  w,  was  measured  at 
parallel,  but  displaced  surfaces  by  a  traversing 
one-component  laser  velocimeter.  The  displaced 
surfaces  were  right  rectangular  prisms.  The 
variable  Pi  was  defined  as  w  at  the  surface 
farther  from  the  model  and  Qi  was  w  at  the  nearer 
surface.  The  control  variables  Xi  were  defined  as 
the  valve  settings  controlling  the  plenum 
pressure  In  each  Individual  chamber  (arranged 
both  longitudinally  and  laterally)  adjoining  the 
slotted  top  and  bottom  walls.  The  sidewalls  were 
rigid.  Impermeable  and  planar.  The  Group  1  outer- 
flow  calculations  were  numerical  finite-differ¬ 
ence  solutions  of  the  Prandti-Glauert  equation 
for  w  (3.66).  Just  as  In  20,  the  Iterative 
procedure  of  Eq.  (3.8)  was  used  with  the  matrix- 
inversion  operator  replaced  by  a  scalar  relax¬ 
ation  factor,  u,  of  between  O.S  and  1.0. 
Measurement  was  made  of  the  control-effect 
matrices  aPi/aXj  for  the  empty  tunnel  to  relate 
AXj  to  APj.  Initial  conditions  wore  'passive 
wans*  without  any  mass  flow  through  them.  The 
procedure  was  not  automated  at  this  stage  of 
development.  The  figure  of  merit  was  the  rms 
difference  between  the  values  of  Pi  at  the 
control  points  as  measured  and  calculated  for  the 
outer  flow.  The  Iteration  terminated  when  no 
further  Improvement  In  matching  at  the  Interface 
was  possible,  usually  after  three  iterative 
steps.  Residual  Interference  corrections  were  not 
considered. 


The  University  of  Arizona  program  was 
different  from  all  other  adaptive-wall  Investiga¬ 
tions  because  It  was  directed  toward  solving  the 
problem  of  configurations  producing  very  large 
flow  deflections  13.22),  (3.23).  Typical  of  such 
situations  are  tests  of  configurations  that 
produce  very  large  lift,  such  as  V/STOL  aircraft, 
by  means  of  powered  high-lift  devices.  Such  tests 
often  Involve  large  wall  Interference,  Including 
difficulty  In  the  accurate  establishment  of  the 
simulated  flight  speed  and  direction.  The  Arizona 
project  was  Intended  to  alleviate  these  diffi¬ 
culties  by  use  of  the  adaptive-wall  principle;  In 
particular,  the  simulated  flight  vector  Is 
Inclined  at  large  angles  to  the  top  and  bottom 
tunnel  walls  to  acconmxMlate  the  large  flow 
deflection.  The  flight  vector  Inclination  Is 
chosen  to  Insure  that  the  highly-deflected  wake 
flow  trails  generally  down  the  length  of  the  test 
section  well  away  from  the  top  and  bottom  walls. 

The  goal  of  the  experiments  reported  by  Lee 
and  Sears  (3.79),  1 3.80)  was  to  prove  this 

concept  by  demonstrating  that  satisfactory 
matching  could  be  achieved  at  the  Interface  in 
tests  of  a  high-lift  aircraft  model.  The  demon¬ 
stration  tunnel  used  In  the  experiments  had  top 
and  bottom  walls  consisting  of  panels  of  louvers 
whose  blade  angles  were  controllable.  Tunnel  air 
was  supplied  through  the  bottom  wall  as  well  as 
at  the  upstream  end  of  the  test  section,  and  was 
exhausted  through  the  top  wall  as  well  as  at  the 
downstream  end  of  the  test  section,  A  traversing 
laser  velocimeter  was  used  to  measure  velocity 
components  at  a  five-sided  rectangular  Interface 
(open  downstream).  A  representative  test  model, 
namely  an  airplane  model  with  lower-surface  blown 
wing  flaps,  was  mounted  In  a  nose-down  attitude 
In  the  test  section. 

The  horizontal  velocity  component  was  chosen 
as  Qi  and  the  vertical  component  as  Ri,  except  at 
the  sidewalls  of  the  Interface,  where  Pi  was  a 
laterally-displaced  horizontal  component.  The 
Iteration  procedure  was  that  of  Eq.  (3.S)  with 
PllfQk/eXj]  neglected  and  a  relaxation  factor 
multiplying  the  remaining  terms  In  the  matrix 
Inversion  operator.  The  control -effect  matrix  aPi/aXj 
was  always  measured  with  the  correct  model  config¬ 
uration;  It  was  usually  found  that  a  given  measured 
matrix  could  be  used  successfully  throughout  an 
Iteration  sequence.  Relaxation  factors  varied 
from  0.10  to  0.25  -  usually  0.15.  The  rms  value 
of  the  mismatch  distribution  DPi  was  chosen  as 
the  figure  of  merit.  Residual  Interference  was 
calculated  using  an  Interface-discontinuity 
method,  see  Section  6.2.1  of  this  report.  The 
mean  values  of  the  residual-interference  velocity 
components  at  the  model  position  were  correlated 
with  the  Interface  figure  of  merit. 


3.3  Representative  Results 

Extensive  results  have  been  published  by  now 
and  there  is  no  intention  here  to  present  a  great 
deal  of  material.  Rather,  some  representative 
results  and  citations  to  the  literature  will  be 
given.  Results  for  20  and  30  configurations  will 
be  presented  separately.  All  30  results  will  be 
for  adaptation  by  matching  over  the  entire 
interface,  at  described  In  Section  3.1.3. 


3.3.1  20  Results 

The  results  In  this  section  are  divided  Into 
the  same  three  speed-range  groups,  namely  testing 
at  subsonic  free-stream  conditions,  first  with 
subcritical  flw  at  the  Interface  and  subcritical 
or  supercritical  flow  at  the  model  (Group  1 
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flows)  and  second  with  supercritical  flow  at  the 
Interface  (Group  2  flows),  and  finally  testing  at 
supersonic  free-streaa  conditions  (Group  3 
flows).  The  greatest  part  of  the  experlaental 
work  to  date  has  been  for  Group  1  flows. 
Practical  and  efficient  procedures  have  been 
developed  to  generate  high-quality  20  airfoil 
data.  Coaprehensive  data  for  Group  1  flows  have 
been  obtained  only  In  the  flexible,  1^)erBeab1e- 
wall  20  test  sections.  The  20  ventllated-wall 
test  sections  at  AEOC,  Calspan  ATC  and  NASA/ARC 
were  used  for  experlaental  deaonstratlons  of  the 
concept  In  Group  1  flows,  but  without  extensive 
and  systeaatic  data  gathering.  The  AEOC  and 
Calspan  ATC  Investigations  then  concentrated  on 
developaent  of  procedures  for  Group  2  flows 
before  coapletlon  In  1980. 

At  least  ten  different  airfoils  have  been 
tested  in  various  adaptive-wall  test  sections,  as 
can  be  seen  by  exaalnatlon  of  the  responses  to 
Question  3.7  In  the  Appendix.  Horeover,  circular 
cylinders  at  low  speeds  and  large  blockage  have 
been  tested  successfully  by  Goodyer  (3.37), (3.381 
In  the  1973-1975  tlae  period,  as  already 
described  In  Section  3.1.2,  and  by  He,  et  a1. 
(3.511  recently.  Group  1  flows  for  three 
different  airfoils,  naaely  the  NACA  0012.  the 
CAST  7  and  the  CAST  10  sections,  have  been  tested 
by  wore  than  one  organization  In  their  adaptive- 
wall  test  sections.  Adaptive-wall  data  for  these 
airfoils  will  be  enphasized. 

The  NACA  0012  section  has  an  extensive 
literature,  and  as  described  by  Wolf  and  Ray 
(3.591,  “So  auch  data  exist  that  alaiost  any  data 
set  will  agree  with  soaething.*  Fortunately,  this 
very  Issue  has  been  addressed  systeaatically  and 
coaprehensively  by  NcCroskey  (3.811,  who  analyzed 
the  data  and  categorized  It  according  to  Its 
quality.  Adaptive-wall  data  Included  In  the 
highest-quallty  category  of  (3.81)  are  those 
acquired  In  the  NASA/LaRC  0.3  a  TCT  and  corrected 
for  residual  wall  Interference  by  Green  and 
NcMUn  (3.821,  see  also  Section  6.2.2  of  this 
report.  Selected  results  of  the  TCT  data  have 
been  reported  by  Wolf,  et  a1.  Interested  readers 
are  referred  to  [3.581,  [3.59|,  (3. 81],  (3.82) 
for  these  TCT  NACA  0012  data. 

The  airfoil  section  which  has  the  richest 
adaptive-wall  experience  Is  the  CAST  7.  This  caae 
about  because  the  Group  for  Aeronautical  Research 
and  Technology  In  Europe  (GARTEur)  set  up  Action 
Group  A0(AG-02)  on  “Two-Dlaenslonal  Transonic 
Testing  Methods."  This  action  group  coapared  test 
results  obtained  with  the  CAST  7  section  In 
several  facilities  In  the  aeaber  countries.  Both 
passive-  and  adaptive-wall  test  sections  were 
used.  The  participating  adaptive-wall  facilities 
were  the  TU-Berlln  TUB(20)  and  the  ONERA/CERT  T2. 
The  test  prograas,  wall -Interference  corrections 
and  data  analyses  were  carefully  planned, 
executed,  coapared  and  reported  [3.54].  Later, 
the  saae  CAST  7  model  tested  In  TUB(20)  was  also 
tested  In  the  Southaapton  University  TSHT 
(3.461,(3.83),  but  too  late  for  Inclusion  In 
(3.54).  The  GARTEur  report  Is  highly  recoaaended 
to  anyone  concerned  with  20  airfoil  testing. 

A  cooperative  program  still  active  Is  con¬ 
cerned  with  testing  the  CAST  10  airfoil.  Among 
the  facilities  In  which  this  section  Is  being 
tested  are  the  ONERA/CERT  T2  (3.84)  and  the 
NASA/LaRC  TCT  adaptive-wall  tunnels  (3.591, 
[3.851.  Some  Initial  comparisons  of  data  are 
discussed  In  (3.59).  Also,  residual  corrections 
of  a  TCT  data  point  for  the  CAST  10  are  presented 
In  Figs.  6.3  and  6.4  and  discussed  In  Section 
6.2.1  of  this  report. 


An  Important  20  testing  Issue  that  has  not 
been  discussed  yet  Is  the  presence  of  the  test 
section  sidewalls.  The  Interaction  of  the 
sidewall  boundary  layers  with  the  pressure  field 
Induced  by  the  20  acrlel  has  a  profound  effect  on 
the  two-dlaenslonallty  of  the  flow  field.  These 
sidewall  effects  are  Intrinsic  to  all  20  and  30 
ha1f-aode1  testing,  of  course,  and  are  not  solely 
an  adaptive-wall  difficulty.  Sidewall  boundary 
layers  are  discussed  In  considerable  depth  In  the 
GARTEur  report  (3.54)  and  were  considered  care¬ 
fully  by  McCroskey  (3.81)  In  his  decisions  as  to 
the  relative  quality  of  the  NACA  0012  data  sets. 
Moreover.  ONERA/CERT  has  determined  that  In  T2 
the  sidewall  effects  are  a  aajor  factor  In 
determining  Mach-nuaber/angle-of-attack  llalta- 
tlons  for  CAST  7  testing,  see  their  response  to 
Question  3.8.e  In  the  Appendix  and  (3.49), 
(3.53).  Also,  the  TUB(2D)  results  for  the  CAST  7 
In  (3.54), (3.86)  encountered  undesirable  sidewall 
effects  In  some  regions  of  the  testing  envelope. 
Sidewall  Interference  Is  discussed  further  In 
Section  6.2.3  of  this  report. 

There  are  a  few  specific  results  of  general 
Interest  that  will  be  presented  here  for  the 
light  that  they  cast  upon  various  aspects  of  the 
adaptive-wall  procedures.  The  first  Is  the  effect 
of  testing  a  20  airfoil  located  at  and  below  the 
centerline  of  the  test  section.  This  provides  an 
Important  verification  of  the  self-consistency  of 
all  aspects  of  a  given  adaptive-wall  procedure. 
The  results  presented  are  froa  Archaabaud  and 
Mignosi  (3.53),  but  similar  results  are  presented 
by  Chevalller,  et  a1.  (3.49).  Figures  3.3a  and 
3.3b  show  results  for  a  CAST  7  model  located  on 
the  centerline  (Position  A)  and  20X  of  the 
nominal  test-section  height  below  the  centerline 
(Position  8).  The  wall  contours  and  local  Mach 
nuaber  distributions  on  the  walls  In  Fig.  3.3a 
are  auch  better  balanced  between  the  two  walls 
for  Position  8  because  the  relative  effects  of 
thickness  and  lift  are  accoamodated  better.  The 
effect  of  aodel  location  on  the  local  aodel- 
upper-surface  pressure  distribution,  p,  (normal¬ 
ized  by  the  free-stream  pressure,  po)  Is  shown  In 
Fig.  3.3b  for  two  angles  of  attack.  Most  of  the 
T2  data  presented  In  (3.541,  (3  0’!  w'”-''  obtained 
for  the  CAST  7  In  Position  B. 

Another  Interesting  self-consistency  check 
Is  to  rotate  the  aerodynamic  centerline  with  respect 
to  the  geometric  centerline.  This  procedure  has 
been  discussed  by  Goodyer  (3.37)  and  by  Cheval¬ 
ller,  et  al.  (3.49).  The  results  here  were 
obtained  by  Holf  (3.58)  In  the  NASA/LaRC  TCT.  In 
these  tests,  the  aerodynamic  centerline  was 
rotated  by  up  to  0.5  deg  by  suitable  modifica¬ 
tions  of  the  aerodynaalcally-stralght  contours. 
Then,  routine  streamlining  was  perforaed.  The 
results  for  normal-force  coefficient  are  shown  In 
Fig.  3.4a  and  wall  deflections  In  Fig.  3.4b  both 
before  and  after  an  upward  rotation  of  0.5  deg. 
An  angle-of-attack  shift  of  0.5  deg  Is  observed 
In  Cn  up  to  stall.  Similar  results  have  been 
presented  In  Fig.  7  of  (3.49). 

An  example  of  an  Identical  model  tested  In 
two  different  facilities  will  be  presented  next. 
The  CAST  7  section  was  tested  In  TUB(20)  as  part 
of  the  GARTEur  Investigation  (3.54)  and  later  In 
the  Southampton  University  TStfl  (3.46),  (3.83). 
The  tests  were  at  Identical  stagnation  conditions 
so  that  the  Reynolds  numbers  were  Identical  at 
Identical  free-stream  Mach  numbers.  Fig.  3.5, 
which  Is  from  Lewis,  et  al.  (3.46),  shows  the 
pressure  coefficient  distributions,  cp,  after 
streamlining  In  each  facility.  The  test  condi¬ 
tions  correspond  to  the  design  point  of  the 
section.  The  lift  coefficients  and  Mach  numbers 
are  almost  equal,  leading  to  reasonable  agreement 
between  the  cp  distributions.  The  significant 
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b.  Pressure  distribution  on  airfoil  upper  surface. 


a.  Hail  contours  and  local  wail  Mach  nunbers  for  nonaaiized  by  freestream  pressure,  for  a  -  0 

0*1  deg  and  1  deg 

Fig.  3.3  Effects  of  airfoil  location  in  ONERA/CERT  T2  test  section;  CAST  7  section  at  H  =  0.76,  nominal 
tunnel  height  H  =  400  an  (froai  (3.531). 

differences  are  confined  to  the  regions  of  the  followed  by  an  adjustment  of  the  walls  to  a  posi- 

1ower-surface  suction  peak  and  the  upper-surface  tion  0.6  of  the  way  between  the  aerodynamical ly- 

shocks,  the  positions  of  which  are  displaced  by  straight  and  constant-pressure  shapes.  Fig.  3.6 

about  AX  of  the  chord.  shows  typical  mode!  Cp  data.  The  Cp  distributions 

are  plotted  with  the  walls  streamlined  according 
The  final  subcritical-interface  results  to  to  the  three  different  algorithms,  and  a11  three 

be  presented  are  from  a  recent  systematic  study  lead  to  essentially  the  same  model  performance, 

in  the  Southampton  University  TStfT.  This  investi-  In  particular,  the  positions  of  the  upper-surface 

gation  |3.48|,|3.88|  compared  the  Southampton  shocks  fall  within  a  band  of  about  n  of  the 

predictive  and  exact  strategies  for  adaptation  chord.  The  cp  distributions  with  the  walls  set  to 

(see  Section  3.2.2  for  a  discussion  and  refer-  the  aerodynamical ly-straight  and  constant-pressure 

ences)  with  the  pioneering  NFL  strategy  described  contours  are  also  shown, 

in  Section  1.2  of  the  Introduction  to  this 

report.  The  results  shown  in  Fig.  3.6  also  have  The  literature  for  Group  2  flows,  subsonic 

been  presented  by  Lewis,  et  a1.  (3.461.  The  model  free-stream  conditions  with  supercritical  flow  at 

was  a  10.2  cm  chord  NACA  0012-64  airfoil  in  the  the  interface,  shows  that  basically  only  develop- 

nominally  15,2  cm  square  TSHT.  The  tests  covered  mental  work  defining  the  problem  areas  has  been 

the  Mach  number  range  from  0.4  to  0.8  at  angles  accomplished.  There  are  no  systematical 1y- 

of  attack  from  0  to  6  deg.  The  specific  form  of  acquired  data  obtained  in  more  than  one  facility, 

the  NPL  streamlining  algorithm  consisted  of 

testing  the  model  first  with  aerodynamical ly-  The  early  ONERA  S4LCh  tests  for  an  NACA 

straight  walls,  then  with  the  walls  adjusted  to  64A010  airfoil  section  with  4.4X  solid  blockage 

have  constant  pressure  along  their  length,  (3.91,(3.10)  have  been  mentioned  already  in 


um  OF  Anoa,  denees  nAnox  ieuine  to  mooel  1/4  chooo  ft.,  hknes 


a.  Normal  force  at  three  Mach  numbers  b.  Streamlined  wall  contours  at  M  >  0.76,  a  •  2  deg 

Fig.  3.4  Effects  of  a  test  section  centerline  rotation  upward  by  0.5  deg;  NACA  0012  airfoil  in  NASA/LaRC 
TCT  (from  (3.581). 


33 


dTO  (M,  4  \m  CHW 


Fig  3.5  Conparlson  of  airfoil  surface  pressure 
coefficients  for  the  sane  airfoil,  as 
streanllned  In  the  Southanpton  Univer¬ 
sity  TSHT  and  the  TU-Berlln  TUB(20) 
test  sections;  CAST  7  section  at  nomi¬ 
nal  M  •  0.76,  Cg  ■  0.61  with  Identical 
stagnation  conditons  (from  13.461). 


TUNSinON  FIXED 


Fig  3.6  Conparlson  of  airfoil  surface  pressure 
coefficients  In  the  Southanpton  Uni¬ 
versity  TSWT  after  aerodynanlcally- 
stralght  and  constant-pressure  wall 
adjustments  and  after  streamlining  by 
three  adaptation  strategies  (original 
HPL,  SU  predictive  and  SU  exact  strat¬ 
egies);  NACA  0012-64  section  at 
N  •  0.7,  a  -  4  deg  (from  13.461). 

Section  3.1.2.  There  does  not  seen  to  have  been  a 
published  sequel  to  these  Initial  Group  2 
adaptive-wall  demonstration  results. 

In  the  1976  to  1981  time  period,  the  Calspan 
ATC  One-Foot  Transonic  Tunnel  and  the  AEOC  Tunnel 
IT  (In  20  adaptive-wall  configurations)  were  used 
to  attack  the  problems  of  supercritical  flow  at 
the  Interface  and  walls  of  perforated-wall  test 
sections.  The  principal  emphasis  was  on  explora¬ 
tion  of  the  flow  and  facility  phenomena  Involved. 
This  Information  was  necessary  for  planning  30 
Implementation.  At  that  stage  of  the  development 
process,  neither  facility  had  been  automated. 
Therefore  no  systematic  data  acquisition  was 
attempted. 


The  Calspan  ATC  Investigation  had  Its  best 
Group  2  success  |3.61|  for  an  NACA  0012  section 
of  4X  blockage  at  M  >  0.9,  a  •  1  deg,  2  deg  and  3 
deg  (nominally).  Behavior  of  the  NACA  0012  Is 
very  Interesting  at  this  Mach  number  because  the 
lift-curve  slope  at  angles  of  attack  between  0 
deg  and  about  1.5  deg  has  a  significantly  smaller 
value  than  It  does  above  1.5  deg.  Moreover,  the 
flow  tends  to  be  unsteady,  even  at  fixed  flow 
conditions  and  model  attitude,  near  0  deg.  The 
techniques  employed  during  the  experiments  are 
described  In  the  Appendix  and  In  [3.61).  The 
results  after  adaptation  were  Improved  signifi¬ 
cantly,  although  many  questions  remained  un¬ 
answered. 

The  AEDC  Investigation  [3.401,  [3.41]  also 
used  an  NACA  0012  section,  but  of  6X  blockage, 
and  achieved  significantly  Improved  results  over 
those  obtained  with  the  IT  calibration  conditions 
at  M  «  0.80,  a  ^  0  deg,  1  deg,  2  deg  and  4  deg, 
as  well  as  limited  Improvement  at  M  =  0.90,  a  -  0 
deg.  It  should  be  noted  that  for  the  Group  1  flow 
at  M  -  0.65,  a  -  0  deg  with  the  IT  calibration 
conditions  set,  there  was  no  appreciable  Inter¬ 
ference  and  the  functional  relationships  of  Eq. 
(3.1)  were  satisfied  without  Iteration  13.40). 

Recently,  Lewis  [3.46],  13,48),  [3.89]  has 
performed  two  series  of  Group  2  flow  experiments 
In  the  Southampton  TSMT  for  an  NACA  0012-64 
section  of  8X  blockage.  Very  encouraging  results 
at  angles  of  attack  up  to  4  deg  were  obtained  In 
the  first  series  [3.891  for  Mach  numbers  from 
0.90  to  0.94,  but  results  for  0.95  to  0.97  were 
less  satisfactory,  see  Section  6.2  and  Table  6.3 
of  this  report  for  additional  details.  In  the  second 
series  of  tests,  the  maximum  Mach  number  was  reduced 
to  M<0.90  by  air-supply  limitations  unrelated  to 
the  adaptive-wall  aspects  of  the  facility.  Excel¬ 
lent  results  were  obtained  In  the  Mach  number 
Interval  from  O.BS  to  0.89  [3.46),  [3.48).  It  Is 
hoped  that  the  Southampton  experiments  for  M>0.90 
can  be  continued,  since  there  are  many  out¬ 
standing  questions  that  warrant  further  research. 

The  final  experiments  to  be  reported  are  for 
20  Group  3  flows  with  supersonic  free-stream 
conditions.  The  only  Investigation  known  was  per¬ 
formed  In  the  ONERA  S5Ch  facility  [3.90)  for  the 
flow  about  circular  cylinders.  The  longitudinal 
position  of  the  cylinders  In  the  test  section  was 
adjusted  until  the  detached  bow  shock  wave 
Impinged  on  the  walls  just  at  the  end  of  the 
conventional  M  >  1.2  notzle.  Downstream  of  the 
bow  shock,  the  adjustable  transverse  sliding 
plates  were  shaped  to  acconmidate  the  small  per¬ 
turbation  angle  of  the  flow.  The  subsonic  region 
behind  the  bow  shock  did  not  exhibit  reflections, 
but  some  residual  wall  Interference  may  have 
existed.  However,  the  flow  over  the  cylinder  was 
observed  to  be  surprisingly  Insensitive  to  wall 
shape  during  the  adaptation  process.  Some 
exploratory  Group  3  high-llft  experiments  for  a 
30  configuration  with  20  adaptation  are  described 
In  Section  4,3.6  and  Fig.  4.24  of  this  report. 


3.3.2  30  Results 

The  results  In  this  section  also  are  divided 
Into  Groups  1  to  3  flows.  Moreover  there  Is  an 
additional  subdivision  Into  axlsysaetrlc  test 
articles  at  zero  angle  of  attack  and  more  general 
lifting  configurations. 

The  axisymmetric  configuration  that  has 
received  the  greatest  attention  Is  the  ONERA  CS 
calibration  model  which  has  been  tested  In  the 
fully  30  1>q>ermeab1e-wa11  tunnels  TUB(3D)  [3.3), 
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13.1$).  13.911.  13.921  and  DFVLR  DAM  (3.721  for 

Group  1  flows.  The  results  of  these  Investi¬ 
gations  have  been  suanarized  In  the  review  by 

Ganzer  13.31  and  a  selected  result  Is  presented 
In  Fig.  4.20  In  Chapter  4  of  this  report  along 
with  additional  results  from  testing  In  Tunnel 
T2,  which  has  20  wall -adaptation  capability  only. 
Also,  the  FFA  ax1sy«ietr1c  spindle  configuration 
has  been  tested  extensively  In  the  DFVLR  DAM 

facility  [3.31.  [3.311,  [3.72]  up  to  M  -  0.8S. 

Probably  the  most  Interesting  results  to 
date  for  axlsynetrlc  configurations  are  In  Group 
3  flows,  I.e.,  experiments  for  a  10  deg  half¬ 
angle  cone-cylinder  tested  In  TUB(30)  [3.141  and 
In  DFVLR  DAM  [3.731  at  M  ■  1.2.  The  model 
sui  ace-pressure  distributions  measured  before 
and  after  adaptation  In  TUB(30)  are  shown  In  Fig. 
3.7a  In  comparison  with  results  from  a  full- 
potential  numerical  solution.  The  corresponding 
wall  deflection  from  the  aerodynamical ly-stralght 
position  Is  shown  In  Fig.  3.7b  after  adaptation 
along  with  the  wall  Mach  number  distributions 
before  and  after  adaptation.  The  blockage  In 
TUB(30)  was  1.13«.  Similar  results  from  DFVLR  DAM 
are  shown  In  Fig.  3.8a  before  adaptation  where  q 
Is  the  aerodynamical ly-stralght  contour  necessary 
to  achieve  M  =  1.2  free-stream  conditions.  Fig. 
3.8b  presents  the  results  after  adaptation  with 
Ar  >  3.5  m  as  the  deflection  at  the  sixth  Jack 
station.  The  blockage  was  2.0011.  In  both  Figs 
3.8a  and  3.8b,  the  results  are  compared  with 
reference  data  for  the  same  model  In  the  passive, 
perforated-wall  AEOC  Aerodynamic  Hind  Tunnel 
(16T)  at  0.008X  blockage. 
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b.  After  adaptation 

Fig  3.8  Comparison  of  measured  model  surface 
pressures  and  wall  contours  with 
reference  data  for  an  axlsymmetrlc 
body  In  DFVLR  DAM  test  section;  ten- 
degree-half-angle  cone-cylinder  at 
M  -  1.2,  a  -  0  deg  (from  (3.731). 
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b.  Wall  contours  and  local  wall  Mach  number 
Fig  3.7  Comparison  of  full-potentlal-theory 
predictions  with  experimental  data 
before  and  after  adaptation  of  an 
axlsymmetrlc  body  In  TU-8er11n 
TUB(3D)  test  section;  ten-degree- 
half-angle  cone-cylinder  at  M-1.2, 
a  •  0  deg  (from  (3.141). 


There  has  been  a  much  broader  selection  of 
lifting  configurations  Investigated  In  the  vari¬ 
ous  3D  facilities.  None  of  them  appears  to  have 
been  tested  In  more  than  one  fully- 3D  adaptive- 
wall  tunnel.  However,  at  least  one  configuration 
has  been  tested  successfully  In  two  different 
sizes  In  the  same  tunnel.  Tests  In  TUB(3D)  have 
been  performed  for  the  Airbus-llke  full-span 
wing/body  (no  tall)  F4  configuration  [3.31, 
[3.911,  13.92)  and  a  full-span  canard  configura¬ 
tion  [3.151.  The  AGARD  8  full-span  delta 
wing/fuselage  calibration  configuration  has  been 
tested  In  DFVLR  DAM  (3.3),  [3.311  In  two  sizes 
with  solid  blockages  of  3.SI(  and  l.OX.  Results 
for  the  two  sizes  compared  favorably  with  each 
other  and  with  reference  data.  Tests  In  DFVLR  DAM 
also  have  been  carried  out  for  a  full-span 
wing/fuselage  configuration  with  30  deg  of  wing 
sweepback  (3.73),  and  for  the  ONERA  M3  full-span 
wing/  fuselage/tall  model.  Complete  M3  lift,  drag 
and  pitching-moment  data  over  an  extensive  range 
of  angles  of  attack  for  N  •  0,70,  0.75,  and  0,80 
are  given  In  [3.73).  NASA/ARC  tested  an  unswept, 
tapered,  sidewall-mounted  semlspan  wing  In  the  3D 
configuration  of  the  25x13  cm  segmented-plenum, 
slotted  top  and  bottom  walls,  solid-sidewall  test 
section.  Limited  experiments  at  M  -  0.60  and 
angles  of  attack  from  0  to  6  deg  led  to  signifi¬ 
cant  reductions  In  Interference  from  the  “passive- 
wall*  baseline,  but  Interference  could  not  be 
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ellnlnated  conpletely  13.651,  13.781.  A11  of  the 
above-aentloned  tests  were  for  Group  1  flows. 

A  final  Group  1  lifting  configuration  was  a 
fighter-type  full-span  wing/fuselage/tail  model. 
Fig.  3.9a,  tested  in  DFVLR  0AM  |3.72|.  Results 
for  lift  and  drag  coefficients  before  and  after 
adaptation  are  presented  in  Figs.  3.9b  and  3.9c. 
respectively,  for  M  =  0.80  and  1.8X  blockage. 
Comparable  results  with  lower  blockage  in  the 
passive  DFVLR  TMG  perforated-wall  and  the  NLR  HST 
slotted-wall  tunnels  are  shown  as  well. 

Group  2  flows  have  been  investigated  princi¬ 
pally  at  AEDC,  although  some  preliminary  experi¬ 
ments  were  performed  in  TUB(3D)  [3. IS).  Initial 
experiments  at  AEDC  were  carried  out  in  Tunnel  4T 
as  described  in  Section  3.2.5  for  a  generic 
wing/fuselage/tail  configuration  similar,  but  not 
identical,  to  that  in  Figs.  2  and  3  of  the  AEDC 
response  in  the  Appendix  of  this  report.  Inter¬ 
ference  at  M  °  0.90  and  0.95  and  a  -  4  deg  on  the 
wing  pressure  distributions  and  model  lift  and 
drag  was  reduced  significantly  by  adaptation,  but 
interference  on  tail  pressures  and  model  pitching 
moment  could  not  be  reduced  simultaneously 
13.44]. 


The  3D  adaptive-wall  test  section  of  AEDC 
Tunnel  IT  was  designed  to  overcome  the  defi¬ 
ciencies  observed  in  4T.  Of  the  limited  nuiid>er  of 
cases  adapted  in  IT,  results  for  H  >  0.90,  a  >  4 
deg  and  an  Initiany-uniform  porosity  of  3*  are 
most  significant  13.77).  The  generic  wing/fuselage/ 
tail  model  is  shown  in  the  Appendix,  along  with 
details  of  the  instrumentation  and  the  steps  in 
the  adaptation  procedure.  Interface  pressure 
matching  before  arid  after  adaptation  are  shown  in 
Figs.  3.10a  and  3.10b  for  a  pipe  position  rotated 
65  deg  from  a  downward  vertical.  The  trends  in 
the  pressure  distributions  on  the  wing  and  tail 
of  the  model  are  shown  in  Figs.  3.10c  and  3.10d, 
respectively,  as  the  iteration  proceeded.  Signif¬ 
icant  reduction  in  interference  on  the  wing  and 
tail  was  achieved  simultaneously.  Model  blockage 
was  2.5*  in  IT  and  0.16X  for  the  4T  reference  data. 

The  Sverdrup  AHAT  facility  tested  large- 
blockage  automotive-type  models  at  both  zero  and 
ten  degrees  of  yaw  13.71).  Experimental  results 
for  three  geometrical ly-similar  models  of  lOX, 
20X,  and  30*  solid  blockage  at  zero  yaw.  Fig. 
3.11,  showed  that  after  adaptation,  mode!  center- 
line  pressures  were  essentially  identical  for  all 
three  model  sizes. 


a.  Test  article  configuration 


im 

i;...iiiiiiii 

H  i" 

LLiiLJ' 

a 

Kiiia 

1.1% 

El 

omi 

1.1% 

11 

gnu 

0.f% 

D 

NU 

iMSTStOTTEO  | 

g.3% 

tmi 

li  .ulllllf 

rr^ 

D 

gnu 

i.g% 

El 

gnu 

).g% 

11 

gnu 

g.«% 

n 

KJi 

iHSTSumn  1 

g.3% 

b.  Lift  coefficient  vs  angle-of-attack  c.  Lift  coefficient  vs  drag  coefficient 

Fig  3.9  Comparison  of  measured  force  data  before  and  after  adaptation  with  reference  data  for  a 
fighter  configuration  In  the  DFVLR  DAM  test  section:  N  •  0.8  (from  13.72)). 
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c.  Wing  sent  sealspan  before,  during  and  after  d.  Tall  SOX  sealspan  before,  during  and  after 

adaptation  adaptation 

Fig  3.10  Owparlson  of  representative  Interface,  wing,  and  tall  pressure  coefficient  distributions  fro« 
■easureaents  and  exterior-flow  calculations  In  the  AEDC  IT  test  section;  wing/fuselage/tall 
configuration  (Figs.  2  t  3  of  AEOC  response  In  Appendix),  M  >  0.9,  a  •  4  deg  (froa  13.771). 


Powered-lift,  large-flow-deflectlon  experl- 
aents  13.791,  (3.801  In  the  University  of  Arizona 
Adaptable-Wall  Wind  Tunnel  will  be  described 
briefly.  Coablnatlons  of  low  flight  speed  and 
lower-surface  blowing  with  large  aoaentua  coeffi¬ 
cients  onto  flaps  deflected  up  to  SO  deg  were 
set.  These  conditions  provided  a  free-streaa 
vector  that  was  Inclined  at  up  to  4S  deg  with 
respect  to  the  tunnel  floor  and  resulted  In 
angles  of  attack  of  up  to  IS  deg.  Under  such 
conditions,  the  adaptive-wall  procedure  reduced 
the  rat  figure  of  aerit  at  the  Interface  to  3-4X 
of  flight  speed.  It  was  deteralned  by  residual- 
interference  calculations  that  the  Interference 
velocity  coaponents  Introduced  at  the  aodel  posi¬ 
tion  by  the  Interface-alsaatch  distributions 
after  adaptation  were  typically  about  IX  of 
flight  speed. 


3.4  llaltatlons  and  Open  Questions 

The  preceding  sections  give  evidence  of  the 
large  aaount  of  research  and  developnent  on  the 
adaptive-wall  concept  since  Its  aodern  rebirth  In 
about  1970.  In  particular,  for  20  testing  of  air¬ 
foil  sections  In  Group  1  flows  for  which  the  flow 
over  the  airfoil  nay  be  supercritical,  but  the 
flow  at  the  Interface  and  walls  Is  subcritical, 
systeaatlc  data  of  very  high  quality  have  been 
obtained  In  several  facilities,  all  of  which  are 
of  the  flexible,  1apenaeab1e-wa11  type.  The  evi¬ 
dence  presented  In  the  GARTEur  Investigation  of 
the  CAST  7  section  (3.541,  McCroskey's  exaalna- 
tlon  of  the  NACA  0012  section  (3.81),  and  the 
ongoing  Investigation  of  the  CAST  10  section 
Indicates  that  these  adaptive-wall  facilities  pro¬ 
vide  data  of  superior  quality  for  Group  1  flows. 


37 


Fig.  3.11  Coaparlson  of  model  centerline  pressure 
coefficients  before  and  after  adapta¬ 
tion  for  three  similar  generic  auto- 
motive-type  models  with  different 
blockages  In  the  AWAT  tunnel:  2ero 
yaw  angle  (from  (3.711). 

There  has  been  only  a  limited  amount  of 
research  Into  2D  Group  2  flows  with  supercritical 
Interface  and  walls.  There  Is  Interest  In  these 
flows  by  the  helicopter  rotor  blade  designer,  for 
example,  who  requires  knowledge  of  blade  section 
data  over  a  very  wide  range  of  Hach  number  and 
angle  of  attack.  Moreover,  researchers  engaged  In 
CFO  code  development  and  validation  must  rely  on 
very  high  quality  data  for  Group  2  flows  In  order 
to  examine  turbulence  models  In  flows  with  strong 
shock-wave/boundary- layer  Interaction  and  separa¬ 
tion.  Thus,  a  requirement  exists  for  systematic 
investigation  of  the  same  airfoil  configuration 
In  more  than  one  test  section  for  2D  Group  2 
flows.  Just  as  has  been  performed  for  Group  1 
flows.  It  would  also  seem  desirable  to  acquire 
systematic  data  for  a  representative  multi¬ 
element  airfoil  In  Groups  1  and  2  flows. 

Many  adaptive-wall  and  MIAC  researchers  now 
are  comparing  their  2D  experimental  results  with 
state-of-the-art  CFO  viscous-flow  numerical  solu¬ 
tions  for  Group  1  flows.  In  this  regard, 
attention  must  be  drawn  to  the  compendium  of 
results  from  the  Viscous  Transonic  Airfoil 
Workshop  sponsored  by  the  AIAA  Fluid  Dynamics 
Technical  Committee  |3.93|.  On  the  basis  of 
computed  results  using  many  different  CFO 
methods.  It  Is  argued  13.931  that  satisfactory 
practical  design  Information  can  be  obtained 
computationally  for  many  transonic,  attached 
airfoil  flows  (which  correspond  to  many  Group  1 
flows).  The  situation  Is  not  nearly  as  favorable 
with  respect  to  transonic,  separated  flows  (which 
correspond  more  closely  to  Group  2  flows).  In 
these  flows,  present  turbulence  modeling 
capabilities  are  Inadequate  In  the  regions  of 
separated  flows,  which  can  occur  as  a  result  of 
strong  shock  waves  as  well  as  from  the  flow 
behavior  near  the  trailing  edge.  It  seems  clear 
that  the  future  of  both  CFD  and  adaptive-wall 
development  should  be  coordinated  closely. 

The  practical  limitations  In  20  flows  as 
Mach  number  and  angle  of  attack  are  Increased 
from  Group  1  Into  Group  2  flows  still  are  not 
clearly  evident.  Each  facility  that  has  obtained 


systematic  data  for  a  given  airfoil  section 
should  prepare  realistic  boundaries,  such  as 
those  given  for  a  CAST  7  section  of  one  specific 
sl2e  In  the  ONERA/CERT  T2  response  In  the 
Appendix.  The  greatest  surprise  In  that  example, 
perhaps.  Is  that  the  3D  effects  due  to  the 
sidewall  boundary  layers  are  a  more  severe 
limitation  to  testing  In  Group  2  flows  than  the 
failure  of  linear  theory  for  the  outer-flow 
computations.  The  linear  theory  limitation 
probably  can  be  overcome  more  easily  than  that  of 
the  sidewall  boundary  layers.  The  sidewall¬ 
boundary-layer  Issue  Is  not  unique  to  adaptive- 
wall  test  sections,  of  course,  but  Its  signif¬ 
icance  seems  to  have  become  more  apparent  as 
adaptive-wall  development  has  progressed  and  wall 
Interference  has  been  reduced.  The  T2  limit  for 
the  CAST  7  at  lower  Mach  numbers,  but  high  angle 
of  attack.  Is  due  to  constraints  on  allowable 
wall-control  Jack  movement.  This  limit  can  be 
overcome  by  designing  a  test  section  for  larger 
allowable  model  chord  lengths  13.49].  An 
alternative  point  of  view  for  avoiding  large  Jack 
movements,  however.  Is  to  eliminate  gradients  of 
Interference  rather  than  the  level  of  the  Inter¬ 
ference.  as  discussed  1n  Section  5.2.2  of  this 
report.  This  approach  also  holds  promise  for 
alleviating  difficulties  encountered  In  matching 
the  flexible.  Impermeable  walls  with  the  fixed 
walls  at  the  diffuser  entry  downstream  of  the 
test  section.  Another  aspect  In  the  definition  of 
realistic  boundaries  should  be  the  establishment 
of  the  capability  of  each  facility  to  fulfill  the 
flow  quality  and  data  accuracy  requirements  that 
were  recommended  by  Stelnle  and  Stanewsky  13.94] 
In  1982  on  behalf  of  the  AGARD  FDP. 

All  of  the  experience  Indicates  that  a  test 
section  dedicated  to  2D  Group  1  flows  should  be 
of  the  flexible.  Impermeable-wall  type.  The 
advantages  over  passive,  ventllated-wall  tunnels 
Include  the  means  for  making  efficient  engineer¬ 
ing  tradeoffs  among  larger  model  size,  lower 
power  requirements  and  higher  Reynolds  number 
capability.  A  major  advantage  of  flexible. 
Impermeable-wall  tunnels  Is  the  ease  and  rapidity 
of  obtaining  wall  deformation  and  wall  static 
pressure  data,  not  only  for  adaptation  but  also 
for  evaluation  of  residual  wall  Interference  after 
complete  or  partial  adaptation,  as  described  In 
Chapter  6.  Also,  flow  quality  Is  Improved  by 
reduced  tunnel  noise  and  turbulence  level.  Given 
the  present  lack  of  satisfactory  systematic 
results  for  any  adaptive-wall  test  section  for 
Group  2  flows,  however.  It  Is  not  entirely  clear 
that  flexible.  Impermeable-wall  test  sections  are 
superior  to  those  with  ventilated  walls  and 
adequate  wall-control  effectiveness.  Most  of  the 
20  ventllated-wall  work  was  performed  before  1980 
with  Its  principal  objective  being  exploratory 
research  Into  the  nature  of  wall  control  In  this 
flow  regime  for  3D  applications.  Group  3  flows  In 
2D  have  received  very  little  attention  by 
adaptive-wall  Investigators  and  require  a  great 
deal  of  development  If  passive,  ventllated-wall 
test  sections  are  to  be  supplanted. 

In  3D  testing,  significant  progress  has  been 
made  In  fully  3D  adaptive-wall  test  sections  for 
Group  1  flows.  Although  many  satisfactory  com¬ 
parisons  have  been  made  with  existing  reference 
data  from  passive-wall  facilities,  there  has  not 
been  any  truly  systematic  Investigation  of  the 
same  model  In  several  different  facilities  as  has 
been  done  In  20  for  the  CAST  7,  CAST  10  and  NACA 
0012  airfoil  sections.  Nevertheless,  there  are 
some  favorable  comparisons  among  specific  test 
points  for  the  same  model  In  different  adaptive- 
wall  test  sections,  as  well  as  testing  of  the 
same  configuration  In  two  different  model  sizes 
In  the  tame  test  section.  Cooperative,  system¬ 
atic.  coaparative  experimental  Investigations  are 
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Strongly  reconended.  These  projects  should 
Include  testing  In  3D  test  sections  with 
sufficient  control  effectiveness  for  coaplete 
adaptation.  In  2D  adaptive-wall  test  sections  as 
described  In  Chapter  4,  and  In  existing  passive- 
wall  test  sections.  Preparation  of  llwitatlon 
boundaries  for  given  sizes  and  types  of  3D 
configurations  should  be  given  priority  through¬ 
out  these  Investigations  along  with  estlaates  on 
the  degree  to  which  flow  quality  and  data 
accuracy  requirenents  are  fulfilled.  It  would  be 
fruitful  In  3D,  too,  to  bring  the  CFD  coiiaunity 
Into  such  projects  to  aid  In  resolving  the  roles 
of  experlnent,  analysis  and  coaputatlons. 

Very  little  Investigation  has  been  aade  for 
3D  Group  2  flows  for  which  the  Interface  and 
walls  are  supercritical.  It  Is  dalaed  by  Kraft, 
et  a1.  at  AEOC  |3.77|  that  It  Is  In  Group  2  flows 
and  at  very  high  free-streaa  Mach  nunbers  In 
Group  1  flows  that  ventilated,  passive-wall 
tunnels  lose  their  effectiveness  for  nlnlalzlng 
wall  Interference.  That  Is,  wall  Interference 
does  not  become  serious,  or  uncorrectable,  until 
these  flow  regimes  are  reached.  It  Is  recoanended 
that  existing  passive-wall  3D  facilities  partici¬ 
pate  In  cooperative,  systematic  Investigations  of 
the  same  model  using  their  latest  experimental 
techniques  and  UIAC  procedures. 

Testing  In  3D  poses  greater  problems  than  In 
2D  since  there  often  are  significant  gradients  of 
Interference  over  the  entire  model  surface  In  the 
longitudinal,  lateral  and  vertical  directions. 
The  Ideas  discussed  In  Section  S.2.2  for  elimi¬ 
nating  gradients  of  Interference  thus  are  very 
Important  In  3D  as  well.  For  3D  Group  1  flows 
that  are  supercritical  over  the  model,  linear 
theory  Is  adequate  for  the  outer-flow  calculation 
and  linear  residual -Interference  methods  can  be 
used  to  estimate  the  Interference  velocities  at 
the  model  location  due  to  the  walls.  However,  the 
Interpretation  of  the  Interference  velocities. 
Including  their  gradients,  on  the  flow  over  the 
model  Is  not  always  straightforward,  especially 
when  nonlinear  effects  are  present  near  the  model 
surface.  A  related  question  Is  that  the  relation¬ 
ships  between  local  and  global  matching  errors  at 
the  Interface  and  the  corresponding  local  and 
global  errors  over  the  entire  model  are  not  clear 
In  3D.  Further  research  Is  necessary  on  adaptive 
walls  for  3D  flows. 

The  more  specialized  3D  applications  of 
large-blockage,  low-speed  automotive-vehicle 
testing  and  powered-lift,  large-flow-def lection, 
V/STOL  aircraft  testing  have  received  only  a 
small  amount  of  effort  to  date.  The  adaptive-wall 
concept  remains  attractive  In  these  difficult 
testing  regimes. 

As  applications  of  adaptive-wall  Ideas  and 
their  HIAC  offshoots  (see  Chapter  6)  have 
developed.  It  appears  that  many  questions  which 
previously  were  masked  by  wall  Interference  have 
become  more  obvious.  Certainly,  the  Inter¬ 
relationships  among  wall-interference  and 
Reynolds-number  effects  have  been  Illuminated 
during  this  development  13.771.  Proper  Identi¬ 
fication  and  separation  of  these  effects  aid  In 
addressing  the  ultimate  testing  questions  related 
to  the  extrapolation  of  tunnel  test  data  to 
flight  conditions.  The  final  report  of  AMD  FDP 
HG09  on  'Boundary  Layer  Simulation  and  Control  In 
Kind  Tunnels'  13.95)  Is  recoamcnded  for  discus¬ 
sion  of  these  Issues.  Also,  as  wall -Interference 
effects  have  been  reduced,  or  understood  better 
and  corrected,  other  flow-quality  Issues  that 
previously  were  of  secondary  Importance  have 
become  of  greater  significance.  An  Important 
example  Is  sldewall-boundary-layer  effects  that 


have  been  discussed  already  for  2D  and  also  are 
of  concern  for  3D  half-model  testing.  Other 
examples  are  the  effects  of  free-stream  turbu¬ 
lence.  secondary  flows  In  the  corners  of  the  test 
section,  and  the  whole  range  of  strut/support 
Interference  problems  In  3D. 

The  modern  adaptive-wall  concept,  as 
Initially  proposed  In  about  1970,  brought 
together  wind-tunnel  Instrumentation,  wall- 
control  mechanisms,  control  technology,  and  CFD 
capabilities  Into  a  unified  concept.  In  the 
elapsed  time  since  1970,  the  most  remarkable 
change  In  these  technologies  probably  has  been  In 
the  development  of  both  computer  hardware  and  CFD 
algorithms  for  solving  coaplex  flow  fields.  Con¬ 
cerning  wall  Interference  technology  In  general, 
however,  the  most  remarkable  effect  of  the  modern 
adaptive-wall  concept  has  been  the  recognition  of 
the  wealth  of  Information  that  Is  available  In 
the  Interface  measurements.  The  availability  of 
this  Information  Implies  a  variety  of  tradeoffs 
between  adaptation  and  residual-interference 
corrections,  and  so  provides  the  wind-tunnel 
engineer  with  many  alternatives  that  can  enhance 
the  acquisition  and  Interpretation  of  data  of 
very  high  quality.  Vigorous  pursuit  of  all  of 
these  technologies  and  their  Interactions  will 
benefit  both  testing  and  computational  capabil¬ 
ities  and  so  will  Improve  flight  vehicle  design 
capability. 
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4.1  Background 

As  already  seen,  researchers  from  many  institutions 
have  devoted  considerable  effort  to  the  development  of 
two-dimensional  adaptive  wall  test  sections.  Many  suc- 
ces.sful  examples  of  this  type  of  facility  are  operational. 
The  development  of  fully  three-dimensional  test  sec¬ 
tions,  however,  has  not  had  this  same  level  of  effort 
expended.  Only  about  three  fully  three-dimensional 
facilities  exist.  The  limitations  on  three-dimensional 
research  are  the  result  of  the  complexity  of  both  the 
mechanical  design  and  operational  aspects.  Typical  of 
the  mechanical  complexities  are  lack  of  readily  available 
model  and  flow  visualization  access,  and  problems  of 
sealing  between  adjacent  wails  for  multi-wall  types  of 
test  sections.  The  operational  aspects  are  complicated 
by  the  necessity  for  many  measurements  of  the  bound¬ 
ary  conditions  which  can  be  very  time  consuming.  This 
is  especially  true  for  the  ventilated  type  test  sections 
which  use  an  array  of  cither  fixed  or  rotating  static 
pipes. 

Most  researchers  agree  that,  in  three-dimensional  test¬ 
ing,  it  is  impossible  to  remove  all  of  the  boundary 
interference.  It  will  be  necessary,  therefore,  to  apply 
residual  corrections  to  the  data.  The  more  complex  the 
test  section  shape,  the  more  complex  the  calculation  of 
the  residual  corrections  becomes.  From  both  the  view¬ 
point  of  test  .section  complexity  and  of  ease  of  residual 
corrections,  a  simplified  test  section  geometry  is  desira¬ 
ble. 

To  aid  in  the  design  of  simplified  test  sections,  several 
researchers  investigated  the  capability  of  using  two-di¬ 
mensional  adaptive  wall  test  sections  to  perform  three- 
dimensional  testing.  By  use  of  this  type  of  design,  the 
inherent  complications  and  limitations  of  the  fully 
three-dimensional  design  are  avoided.  The  following 
sections  of  this  chapter  will  describe  strategics  of  adap¬ 
tation  used  for  this  application  as  well  as  sample  results 
and  a  discussion  of  some  limitations  of  the  technique. 

4.2  Strategy  of  wait  adaptation 

The  term  'wall  adaptation*  has  been  used,  so  far,  to 
denote  streamlining  of  the  wind  tunnel  walls,  i.c.  an 
adjustment  of  the  walls  to  the  streamlines  of  the 
unconfined  flow.  In  practice,  the  wall  adaptation  is  only 
approximate  since  the  wall  shape  can  be  adjusted  only 
at  a  finite  number  of  points  over  a  finite  length.  Never¬ 
theless,  the  concept  of  wail  adaptation,  as  it  was  con¬ 
ceived  originally,  provides  for  a  shaping  of  the  walls  so 
that  they  conform,  mote  or  less,  to  unconfined  flow 
conditions. 

Obviously,  when  2-D  adaptive  walls  arc  to  be  used  for 
the  testing  of  three-dimensional  models,  the  concept  of 
streamlining  the  walls  can  no  longer  be  applied  since  the 
walls  can  l»  shaped  only  in  two-dimensional  ways  and 
the  resulting  streamlines  are  in  general  not  an  approxi¬ 
mation  to  those  of  the  unconfined  flow. 

In  spite  of  the  fact  that  2-D  walls  cannot  be  streamlined 
to  three-dimen.sional  flows  it  could  be  shown  that  the 
blockage  and  upwash  interferences  can  be  relieved  sig¬ 
nificantly  by  2-D  wall  contouring,  sec  Refs.  [4.1,  4.2, 

4.3]. 


A  strategy  for  the  adaptation  of  2-D  walls  for  three-di¬ 
mensional  flows  was  first  developed  at  the  VKI  [4.2, 

4.4].  The  idea  is,  to  eliminate  the  wall  interferences  near 
the  model  or,  in  practice,  along  the  centreline  of  the  test 
section.  In  order  to  compute  the  wall  interferences,  wall 
pressure  distributions  are  mea.surcd  along  the  centre¬ 
lines  of  the  top  and  bottom  walls.  The  method  was 
tested  in  the  SI  wind  tunnel  at  the  VKI  and  subse¬ 
quently  used  in  adaptive  wall  wind  tunnels  at  the  TU 
Berlin  [4.5],  at  ONERA/CERT  [4.6],  and  at  the 
DFVLR  Gottingen  [4.7]. 

Extensions  of  the  VKI-method  have  been  proposed  or 
used  at  NLR  [4  8],  at  Southampton  University  [4.9], 
and  at  NASA  Langley  [4.10].  The  various  methods  are 
discussed  in  the  following  sections. 


4.2.1  The  VKI  method 

The  VKI-method  was  described  in  two  reports  [4.2, 

4.4],  which  also  contain  a  detailed  description  of  the 
adaptation  algorithm  for  linearized  flows.  A  method  for 
non-linear  flows,  developed  at  the  VKI.  is  described  in 
[4.1 1].  A  summary  of  the  linear  and  non-linear  method 
including  wind  tunnel  test  experience  is  found  in  [4.7]. 
In  the  following,  an  outline  of  the  linear  and  non-linear 
method  is  given. 

U  is  assumed  that  the  flow  is,  at  icast  approximatciy, 
symmetric  with  respect  to  the  vertical  plane  of  symme¬ 
try  of  the  test  section,  i.e.  a  symmetric  model  at  zero  nr 
small  yaw  is  considered. 

It  is  also  assumed  that  the  lateral  extension  of  the  model 
is  not  a  large  fraction  of  the  lateral  dimension  of  the  test 
section.  Under  these  conditions  the  model  is  exposed 
only  to  the  flow  near  the  centreline,  and  it  is  sufficient 
that  wall  interferences  are  being  extinguished  near  the 
centreline.  That  this  can  always  be  achieved  is  seen  in 
the  following  way;  For  a  symmetrical  model  at  zero  yaw 
angle  the  interference  velocities  along  the  centreline  of 
the  test  section  have  only  longitudinal  (u)  and  vertical 
(w)  components.  By  deflecting  the  walls,  equal  velocity 
distributions  but  of  opposite  sign  can  be  generated  along 
the  centreline.  The  resulting  interferences  due  to  the 
wall  constraints  and  the  wall  deflections  can  therefore 
be  made  to  vanish  along  the  centreline  of  the  test  sec¬ 
tion.  For  example,  by  deflecting  the  upper  and  lower 
walls  in  a  symmetrical  way  (Fig.  4.1),  a  disturbance 
velocity  distiibution  having  only  a  longitudinal  compo¬ 
nent  u(x)  is  generated  along  the  centreline,  while  an 
antisymmetrical  wall  deflection  (Fig.  4.2)  produces  a 
velocity  distribution  with  only  a  vertical  component 
w(x).  Combining  symmetrical  and  antisymmetrical  wall 
deflections  any  wall  interferences  can  be  extinguished 
along  the  centreline. 

The  wall  interferences  at  the  tunnel  centreline  can  be 
calculated  e.g.  by  the  method  of  Ashill  &  Weeks  [4.12] 
which  requires  a  detailed  wall  pressure  measurement  on 
all  four  test  section  walls.  The  walls  of  2-D  adaptive 
wind  tunnels  are  not  generally  equipped  with  a  suffi¬ 
cient  number  of  pressure  orifices  for  this  purpose  but  it 
was  shown  in  [4.2]  that  the  pressure  distributions  along 
the  centrelines  of  the  top  and  bottom  wall  suffice  to 
compute  the  wall  interferences  on  the  tunnel  centreline 
within  a  reasonable  approximation. 
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Fig.  4. 1 :  Symmetrical  wall  displacement. 


Ah.W  =  - 1-  x{x  -  f)d{  ,  (4.3a) 

Ah.W  =  -  y  |cp.({)  A(x  -  {)d{  ,  (4.3b) 

where  x  and  {  are  coordinates  in  axial  direction. 

For  a  Fixed  width/height  ratio  of  the  test  section  the 
influence  functions  x  and  A  depend  only  on  the  nor¬ 
malized  variable  x  =  (x  -  where  is  the  Prandtl 

factor  .and  h  the  test  section  height.  For  a  square  test 
section  the  functions  y(x)  and  A(x)  are  shown  graph¬ 
ically  in  Figs.  4.3  and  4.4. 


centreline,  an  approximation  that  may  be  satisfactory 
for  the  far-fleld  generated  by  the  model  images.  Under 
these  assumptions  it  is  possible  to  relate  the  wall  inter¬ 
ferences  to  the  measured  pressure  distributions  in  an 
unambiguous  way. 

The  adaptation  procedure  Is  as  usual,  i.e.  in  a  prelimi¬ 
nary  test  with  not  adapted  or  not  fully  adapted  walls 
the  wall  pressures  arc  measured  on  the  top  and  bottom 
wall.  From  the  wall  pressures  the  interference  velocities 
at  the  tunnel  centreline  are  inferred  and  finally  the  spe¬ 
cial  wall  setting  is  computed  that  eliminates  the  inter¬ 
ferences  along  the  centreline  of  the  test  section. 

The  adaptation  procedure  outlined  so  far  is  based  on 
the  assumption  that  the  flow  past  the  model  can  be 
described,  at  least  approximately,  by  the  linearized  flow 
equations.  For  linear  flow  the  influences  of  the  wall 
constraints  and  the  wall  displacement  can  be  superim¬ 
posed.  Also,  a  linear  relation  can  be  assumed  bMween 
the  pressure  distribution  measured  at  the  walls  and  the 
r^uired  wall  displacement.  Conveniently  the  symmet¬ 
rical  and  antisymmetrical  parts  of  the  wall  deflection 
are  considered  separately  (Figs.  4.1  and  4.2).  Defining 
the  symmetrical  part  c^x)  and  the  antisymmetrical 
part  c^(x)  of  the  wall  pressure  distribution  by: 


Fig.  4.3;  Influence  function  x(x)  of  eq.  (4.3a). 


=i«-('p<  +  'rb)/2. 


(4.1) 


where  c^  and  c,.  are  the  pressure  coefficients  at  the 
top  and  bottom  wall  respectively,  the  symmetrical  and 
antisymmetrical  part  of  ^e  wall  displacement 


Ah.  -  (Ah,  +  Ahfe)  /  2 , 
Ah.-(Ah,-Aht)/2, 


(4.2) 


are  obtained  simply  by  Integrations; 


Fig.  4.4;  Influence  function  A(x)  of  eq.  (4.3b). 

In  practice  it  is  useflil  to  start  the  adaptation  procedure 
srith  the  wall  contour  of  the  previous  test  i.e.  to  make 
only  small  adjustments  to  the  wall  contour  according  to 
small  changes  of  the  test  parameters.  In  order  to  apply 
Eq.  (4.3)  for  the  case  of  pre-adapted  wails,  the  wall 
pressure  distribution  must  be  reduced  to  straight  wall 
conditions  by  subtracting  the  contribution  of  the  wall 
deflection  on  the  measured  c.  -values.  To  compute  this 
contribution,  approximate  formulas  are  used,  derived 
from  a  power  series  expansion  of  the  disturbance 
potential,  that  results  from  the  wall  deflection,  see 
Ref.  t4-4]- 
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In  a  number  of  wind  tunnel  tests  (see  section  4.3) 
Eqs.  (4.3)  were  used  for  the  wall  adaptation.  Usually, 
one  iteration  was  sufficient  to  adapt  the  walls.  In 
e}ttreme  cases,  especially  at  high  Mach  numbers,  more 
than  one  iteration  was  needed  when  starting  from 
straight  walls. 

At  high  subsonic  Mach  numbers,  choking  of  the  tunnel 
may  occur  with  straight  walls.  After  a  preliminary  wall 
adaptation  choking  may  be  removed  and  the  flow  may 
become  subsonic  in  the  major  part  of  the  test  section  so 
that  the  linear  adaptation  procedure  can  be  used.  At 
still  higher  Mach  numbers,  when  supersonic  regions 
extend  up  to  the  walls  for  the  adapted  wall  condition, 
the  linear  adaptation  scheme  becomes  inadequate.  A 
non-linear  scheme  was  developed  at  the  VK I  [4. 1 1  ]  that 
is  briefly  outlined  in  the  following. 


WtUl  adaptation  for  non-linear  flow 

In  the  case  of  full  wall  adaptation  the  strategy  of 
streamlining  the  walls  can  easily  be  extended  to  non-li¬ 
near  flows.  In  fact,  the  strategy  remains  the  same  and 
only  the  computation  of  the  'fictitious  external  flow' 
becomes  mote  laborious.  An  extension  of  the  linear 
VKI-method  to  non-linear  flows  is  not  as  straightfor¬ 
ward.  The  reason  is,  that  the  linear  method  rests  on  the 
assumption  tha*  the  effects  of  wall  constraints  and  wall 
deflections  can  be  superimposed,  a  principle  that 
becomes  meaningless  for  non-linear  flows. 

To  alleviate  the  blockage  effect  of  a  non-lifting  body  it 
appears  reasonable  to  shape  the  walls  so  that  the  cross 
sectional  area  distribution  of  the  streamtube  formed  by 
the  walls  equals  that  of  the  free  flight  condition. 

The  prescription  to  match  the  area  distribution  of  the 
streamtube  is,  of  course,  not  equivalent  to  the  previous 
prescription  viz.  to  extinguish  the  u-interferences  along 
the  tunnel  centreline,  but  it  was  shown  numerically 
[4.11]  that  the  two  prescriptions  give  essentially  the 
same  result  if  applied  to  linearized  flow.  It  is,  therefore, 
reasonable  to  apply  the  'area  rule'  also  in  the  case  of 
non-iinear  flows,  it  is  convenient  again  to  separate  the 
symmetrical  and  antisymmetrical  parts  of  the  wall 
pressure  distribution  and  the  wall  displacement. 

The  symmetrical  part  of  the  pressure  distribution 
c^(x)  is  essentially  due  to  blockage,  but  in  non-linear 
flows  the  lift  component  gives  an  additional  small  sym¬ 
metrical  component  which  is  proportional  to  the  square 
of  the  lift. 

The  wall  pressure  signature  Cp,(x)  is  now  interpreted  as 
if  it  were  generated  by  an  equivalent  body  of  revolution. 
The  shape  of  the  equivalent  body  is  calculated  by  an 
inverse  method  using  the  transonic  small  perturbation 
equation  (TSPE).  Similar  procedures  were  proposed  by 
Murman  [4.13]  for  2-D  flows  and  by  Rizk  &  Murman 
[4.14]  for  3-D  flows  in  the  context  of  wall  interference 
assessment. 

Next,  the  free  air  flow  past  the  equivalent  body  of  rev¬ 
olution  is  computed,  which  in  turn  gives  the  cross  sec¬ 
tional  area  distribution  of  the  streamtube.  Finally,  the 
symmetrical  part  of  the  wall  displacement  is  chosen  so 
as  to  duplicate  the  correct  area  distribution. 

It  should  be  emphasized  that  the  method  outlined  does 
not  require  any  model  representation  although  the 
known  model  shape  may  be  used  as  an  initial  starting 
point  for  the  computation 'of  the  equivalent  body  of 
revolution. 

For  the  antisymmetrical  part  of  the  wall  pressure  dis¬ 
tribution,  which  Is  related  to  lift,  it  was  shown  that  the 
linear  algorithm  is  still  valid.  The  non-linear  terms 
associated  with  lift  are  contained  in  the  symmetrical 
part  of  the  wall  adaptation. 


4  2.2  The  NASA  Langley  method 

The  VKI-method  was  extended  by  Rebstock  [4.10]  in 
two  regards: 

1.  A  more  accurate  assessment  of  wall  interferences 
is  accomplished  by  flow  measurements  at  the  entire 
test  section  boundary  (two  variable  method).  The 
main  merit  of  this  more  elaborate  procedure  is,  that 
the  residual  interferences  can  be  assessed  readily. 
It  requires,  however,  a  sufficient  number  of  pres¬ 
sure  orifices  on  the  test  section  walls  (three  rows  on 
the  top  and  bottom  walls  and  one  row  at  one  side- 
wall  are  typically  used). 

2.  Wall  interferences  are  eliminated  at  a  straight  line 
which  is  not  necessarily  the  test  section  centreline 
but  can  arbitrarily  be  deflned  by  the  user. 

Initial  wind  tunnel  tests  were  performed  in  the  NASA 
Langley  TCT  tunnel  to  validate  the  method  [4.10].  The 
model  tested  was  an  unswept  semi-span  wing  which  was 
mounted  on  one  sidewall.  The  ratio  semi-span/tunnel- 
width  wasO.SI.  The  vertical  position  of  the  wing  in  the 
test  section  was  moved  up  in  order  to  increase  the  wall 
interferences.  The  'target  line'  on  which  the  wall  inter¬ 
ferences  were  eliminated  was  along  the  root  chord  of  the 
wing,  extended  in  upstream  and  downstream  directions. 
The  tests  have  shown  that  wall  interferences  could  sub¬ 
stantially  be  reduced  even  when  the  model  was  mounted 
near  the  upper  wall.  Assessment  of  the  residual  inter¬ 
ferences  has  shown,  however,  that  the  wall-induced 
upwash  varies  signiflcantly  across  the  wing  span  (see 
section  4.3).  The  2-D  adaptation  can  only  eliminate  the 
chordwise  variation  of  the  upwash  angle  at  a  given 
spanwise  position  but  not  its  spanwise  variation.  A  dis¬ 
cussion  of  the  resulting  residual  interferences  and  a 
possible  alleviation  by  the  use  of  rectangular  rather  than 
square  test  sections  is  given  in  section  4.4.  Presently  it 
should  be  mentioned  that  the  test  conditions  for  the 
wing,  mounted  near  the  up(wr  wail,  are  extremely 
unfavorable,  since  the  proximity  of  the  wall  has  the 
effect  that  the  wall  interferences  are  not  only  larger  but 
also  less  uniform  across  the  wing  span  compared  with  a 
wing  mounted  in  the  centre  of  the  test  section.  Never¬ 
theless,  it  was  shown  that  the  elimination  of  the  wall 
interferences  on  a  line  in  the  wing  plane  rather  than 
along  the  tunnel  centreline  allows  a  considerable 
improvement  if  the  model  is  mounted  off  the  centreline. 


4.2.3  The  NLR  method 

The  NLR  adaptation  strategy  aims  at  fast  algorithms 
for  high-productivity  testing,  preventing  the  need  of 
iteration  as  much  as  possible.  To  these  purposes,  the 
eventual  algorithm  is  formulated  in  terms  of  a  simple 
matrix .  vector  operation,  implicitly  accounting  for  the 
distribution  of  jacks  as  well  as  for  end  effects  associated 
with  finite  test  section  length.  In  addition,  only  axial 
upwash  gradients  and  blockage  interferences  are  elimi¬ 
nated,  leaving  the  model's  effective  incidence  (which  is 
as.sumed  to  be  correctable)  unaltered. 

In  common  with  the  NASA  Langley  method,  the  more 
accurate  assessment  of  both,  'initial'  and  'residual', 
wall  interference  by  means  of  boundary  measurements 
is  used  [4.15].  Also,  the  wall  interferences  arc  essential¬ 
ly  eliminated  along  a  straight  target  line  running  in  axial 
direction.  The  position  of  the  target  line  can  be  chosen 
arbitrarily. 

The  wall  shape  is  assumed  to  be  composed  of  elemen¬ 
tary  wall  shapes  corresponding  with,  mutually  inde¬ 
pendent,  jack  actions  (unit  load,  unit  displacement,  or 
other  equivalent  quantity)  according  to  linear  theory  of 
elasticity  and  accounting  for  the  wall  supports  at  the 
test  section  entrance  and  exit.  For  convenience,  ideal- 
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ized  jack  loads  P)  are  used  as  working  variables.  The 
perturbation  flow  velocities  (w^)  associated  with  these 
elementary  wall  shapes  are,  assuming  linearized  flow, 
proportional  to  P|  and  can  be  expres.sed  in  terms  of 
influence  coefficients.  Adopting  a  generalized  matrix 
notation: 

Wj  =  A .  P  =  -w, ,  (4.4) 

where  Wi  denotes  both  velocity  components  (in  axial 
and  'upwash'  direction),  A  the  influence  coefTicicnt 
matrix  and  P  the  load  vector.  Obviously,  w„  must 
counteract  the  initial  interference  w,. 

The  principle  stated  in  Eq.  (4.4),  however,  requires 
further  treatment.  First  of  all,  the  matrix  A  will  gen¬ 
erally  not  be  square.  Secondly,  the  wall  interference 
cannot  be  eliminated  along  a  target  line  of  infinite 
length  because  of  finite  test  section  length.  Thirdly,  a 
wavy  wail  still  tends  to  produce  a  rather  smooth  per¬ 
turbation  flow  at  some  distance  away  from  it,  indicating 
that  a  slight  waviness  in  w,  may  turn  out  to  'require' 
an  extremely  wavy  wall  for  its  cancellation  (cf.  [4.2]). 
The  first  problem  is  easily  solved  by  seeking  a  least- 
squares  solution;  the  second  by  introducing  weighting 
factors  G  applied  to  w^  -t-  w,  and  decreasing  in  value 
with  increasing  distance  from  the  model  or,  more  con¬ 
veniently,  from  the  test  section  centre.  Wall  waviness  Ls 
suppres^  by  the  additional  requirement  that  the  jack 
loads  Pj,  possibly  multiplied  by  weighting  (or  rather: 
scaling)  factors  Wj  are  a  minimum  in  a  least  squares 
sense. 

Taking  these  considerations  into  account,  the  actually 
applied  matrix  equation  takes  the  following  form: 

C .  P  D  •  W|  =  0  (4.5) 

with 

C  «  a'''  .  O  .  A  +  W 

d  =  a'^.g 

A^  =  transpose  of  A 

The  matrices  C  and  D  are  square,  the  weighting  matri¬ 
ces  G  and  W  diagonal.  The  idealized  jack  loads  follow 
from  inversion  of  eq.(4.5): 

P  =  -C”' .  D  .  w, .  (4.6) 

For  an  incidence  sweep  at  constant  Mach  number,  the 
matrix  C  '  •  D  can  be  computed  prior  to  the  sweep  (e.g. 
during  Mach  number  setting),  thus  allowing  fast  com¬ 
putation  of  P  (and,  therefrom,  jack  displacement  for 
wall  control,  wall  shape,  etc.)  from  w,  by  a  simple 
matrix  •  vector  multiplication,  during  the  sweep. 


4.2.4  The  Southampton  method 

The  strategy  developed  for  the  TSWT  tunnel  at  the 
University  of  Southampton  calculates  interference 
velocity  components  (u,  v,  w)  existing  everywhere  in 
the  test  sectira.  Interference  is  computed  from  the  wall 
loading.  Inputs  to  this  section  of  the  code  are  the  refer¬ 
ence  flow  conditions  and  the  internal  pressure  distrib¬ 
utions  all  over,  and  the  contoura  of,  the  test  section 
walls.  The  streamtube  formed  by  the  curved  test  section 
walk,  which  should  be  viewed  as  immersed  in  an  infi¬ 
nite  flow  field,  has  sharp  edges  usually  not  aligned  with 
the  free  stream.  Singularities  in  the  external  flow  fleld 
associated  with  these  comers  were  expected  to  introduce 
compuutional  complexity  and  therefore  have  been 
avoided  by  means  of  notional  infinite  spanwbe  exten¬ 
sions  of  the  two  flexible  walk  of  the  test  section,  the 
extensions  having  the  same  camber  as  the  walk.  The 
complete  flow  fleld  thus  partitioned  k  shown  in 
Pig.  4.3.  As  well  as  avoldfaig  the  singularities  which 


Fig.  4.S:  Partitions  used  in  the  Southampton  3-D  wall 
adjustment  strategy. 

would  have  existed  along  corners  X,  the  partitions  ren¬ 
der  the  imaginary  flow  field  entirely  two-dimensional 
and  relatively  ea.sy  to  compute  compared  with  their 
three-dimensional  counterpart.  There  are  four  portions 
of  exterior  two-dimensional  flow  fields  identifi^  as  I, 
to  I,.  Portions  I]  are  identical. 

In  the  analysis  the  partitions  are  replaced  by  vorticity 
distributions.  Generally  all  partitions  are  loaded  and 
account  must  be  taken  of  the  vorticity  existing  every¬ 
where  in  determining  interference.  Partitions  I  and  3, 
separating  the  two-dimensional  fields  I,  and  Ij,  carry 
identical  distributions  of  vorticity.  functions  only  of 
streamwise  position.  Likewise  partitions  6  and  8.  The 
contributions  to  interference  at  the  model  of  the  loading 
on  all  four  panels,  analytic  in  the  spanwise  direction,  arc 
simply  determined.  The  real  three-dimensional  flow 
field  about  the  model  combined  with  the  nature  of  the 
flow  components  1;  renders  the  loadings  on  partitions 
2,  4,  5  and  7  more  complex  because  of  the  streamwise 
and  cross-stream  variations  of  loading.  One  step  in  the 
analysis  is  to  derive  the  velocity  vectors  at  the  walls 
from  measurements  of  wall  pressures.  Partitions  2,  4,  5 
and  7  carry  two  components  of  vortjcity,  each  functions 
of  both  directions,  '^he  effects  of  these  are  integrated 
piecewise  and  summed  with  the  two  velocity  compo¬ 
nents  arising  from  partitions  I,  3,  6  and  8  to  yield  three 
components  of  wall  interference  in  the  test  .section. 

The  aim  in  streamlining  the  walls  is  to  eliminate  two  of 
the  interference  velocity  components  along  lines  passing 
in  the  streamwise  direction  in  the  general  region  of  the 
model.  The  two  components  are  streamwise  u  and 
vertical  w,  and  each  may  be  eliminated  along  one  line. 
The  interferences  are  modified  by  diflerential  and  col¬ 
lective  movements  of  the  walls  respectively.  The  third 
component  of  inteference,  v,  is  not  controlled  although 
it  is  quantified.  The  selection  of  wall  contours  is  based 
upon  the  use  of  jack  movement  influence  coefficients. 
The  coefficients  allow  the  interference  velocity  distrib¬ 
utions  along  the  lines  to  be  converted  into  demands  for 
wail  movement.  The  streamlining  process  is  iterative 
because  the  behaviour  of  the  model  is  affected  by  wall 
movement,  and  because  the  values  of  the  influence 
coefficients  are  known  only  approximately. 

4.2.5  Concluding  remarks 

The  linear  methods  discussed  in  the  preceding  sections 
all  use  as  an  adaptation  strategy  the  eliminatton  of  the 
wall  interferences  on  a  given  target  line  that  runs  in 
axial  direction. 

Further  generalizations  could  Include  still  more  general 
uiget  lines,  eg.  a  line  along  the  span  of  a  swept  wing. 
(The  direction  of  the  target  line  must  have  a  component 
in  axial  direction  i.e.  It  cannot  run  along  the  span  of  an 
unswept  wing.) 

An  important  feature  of  the  above  linear  methods  k, 
that  the  computation  of  the  wall  shape  can  be  reduced 
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to  simple  integrations  as  in  Eqs.  (4.3a,b)  or,  in  discre¬ 
tized  form,  matrix  operations  as  in  Eq.  (4.6),  thus  pro¬ 
viding  fast  algorithms  for  the  computation  of  the  wall 
shape. 

An  extension  of  the  present  adaptation  strategy  to  non¬ 
linear  flows  encounters  extreme  difficulties.  It  appears 
that  other  strategies  must  be  used  for  non-linear  flows, 
like  the  non-linear  VKI-method. 


4.3  Facilities  and  results 
4.3.1  Facilities 

A  large  number  of  facilities  have  provided  interesting 
results  concerning  the  ability  to  minimize  wall  interfer¬ 
ence  on  3-D  models  by  acting  only  on  two  walls.  These 
facilities  are  mainly  used  to  verify  different  strategies  of 
wall  adaptation  and  for  aerodynamic  research. 

The  adaptation  qualities  can  be  tested  by  a  comparison 
with  int^erence  free  data  and  by  correction  methods 
giving  the  residual  errors  during  the  adaptation  process. 
Experiments  are  always  strongly  connected  with  the¬ 
oretical  analysis. 

An  alphabetic  list  of  the  facilities  presented  in  this 
chapter  is  shown  in  Table  I  with  their  main  features. 
A  discussion  of  the  major  points  for  each  wind  tunnel 
is  given  in  the  following. 

4JJ  AFWAL  3-D  and  2-D  adaptive  wall  wind  tunnel 

To  improve  wind  tunnel  capability  at  the  Flight 
Dynamics  Laboratory  of  the  Air  Force  Wright  Aer¬ 
onautical  Laboratories,  a  pilot  wind  tunnel  of 
9x9  inches  was  constructed  for  subsonic  and  transonic 
researches  by  Harney  [4.3]. 

The  lest  section  Fig.  4.6  was  etiypped  with  solid  side- 
walls  and  flexible  upper  and  los^ walls  each  composed 
of  nine  cylindricai  nxis  which  are  7/8  inch  in  diameter. 
Flexible  followers  back  up  the  rods  and  act  as  seals  for 
non-ventilated  walls. 

A  parabolic  arc-body  of  revolution  (blockage  2.S*/>)  as 
well  as  a  lining  model  Fig.  4.7  (blockage  2.5%,  width 

6.3  inches)  were  tested. 

The  nine  rods  on  the  upper  and  lower  wail  were 
deflected  according  to  a  mathematical  model  that 
accounts  for  the  blockage  effect  of  the  sidewalls  by 
additional  displacements  of  the  rods  on  the  upper  and 
lower  wall.  Fig.  4.8  shows  typical  rod  contours  for  the 
lifting  model. 

The  good  results  obtained  by  the  partial  adaptation  led 
Harney  to  study  the  performance  of  2-D  as  compared 
to  3-D  wall  contouring.  The  2-D  contouring  was 
accomplished  by  setting  all  nine  rods  of  the  upper  and 
lower  wall  to  an  intermediate  wall  contour,  thus  simu¬ 
lating  the  configuration  of  a  flexible-plate  wall. 

These  tests  have  shown  that  the  results  obtained  by  2-D 
wall  contouring  completely  match  the  results  of  3-D 
contouring  when  the  walls  were  set  to  a  calculated  mid¬ 
semispan  streamline  (Fig.  4.9). 

4.3.3  Experimental  results  from  the  HKC  at  DFVLR 
Gottingen 

Experimental  tests  to  verify  the  method  developed  by 
W^emeyer  and  Lamarche  using  2-D  wall  adaptation 
for  3-D  flows  have  been  performed  at  DFVLR 
Odttingen. 

An  axisymmetrical  model  (FFA  parabolic  spindle, 
blockage  3.1%)  has  confirmed  that  Interference  free 
data  can  be  achieved  by  a  comparison  with  interference 
free  data  obtained  in  the  3-D  adaptive  rubber  tube  test 
section  (DAM)  of  the  DFVLR  [4.16]. 

As  outlined  in  section  4.2  residual  interferences  at  the 
model  are  expected,  if  at  all,  for  models  with  a  large 
lateral  extension. 


In  order  to  explore  experimentally  the  range  of  applica¬ 
bility  of  2-D  wall  adaptation,  tests  were  perform^  with 
a  large  span  airplane  model  [4.7,  4.16]. 

The  model  shown  in  Figs.  4.10  and  4.11  has  pressure 
orifices  at  four  wing  sections.  The  outboard  section  at 
92.5%  of  the  semispan  could  accomodate  only  three 
pressure  holes  because  of  its  limited  thickness.  The  ratio 
of  wing  span  to  tunnel  width  was  as  large  as  75%  so 
that  it  should  be  possible  to  detect  residual  interfer¬ 
ences. 

From  a  number  of  test  cases,  interference  free  data  were 
obtained  in  the  rubber  tube  wind  tunnel  (DAM). 

Fig.  4.12  shows  typical  adapted  wall  contours.  The  dif¬ 
ference  of  upper  and  lower  wall  displacements  is  due  to 
the  blockage  by  the  fuselage,  the  wing  and  the  sting 
support. 

The  thickening  of  the  support  sting  from  60  to  90  mm 
is  clearly  reflected  by  the  wall  contours  at  x  -2  m. 
The  mean  value  of  upper  and  lower  wall  displacements 
reflects  the  downwash. 


Fig.  4.6;  Cross  section  through  the  adaptive  wall  test 
section  at  Wright  Aeronautical  Laboratories. 
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Fig.  4.7:  Lifting  model  tested  at  Wright  Aeronautical 
Laboratories. 
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Fig.  4.13:  Pressure  distribution  for  wing  section 
y/s  =  0.6. 


fig.  4.14:  Pressure  distribution  for  wing  section 
y/s  =  0.215. 


Fig.  4.15:  Pressure  distribution  for  wing  section 
y/s  -  0.925. 


Fig.  4.13  shows  pressure  distributions  at  the  wing  sec¬ 
tion  y/s  =  0.6.  The  effect  of  adaptation  is  clearly  seen. 
After  wall  adaptation  the  agreement  with  interference 
free  data  is  very  good. 

Fig.  4.14  shows  similar  results  for  the  inner  wing  section 
y/s  =  0.215.  This  figure  also  shows  calculated  wall 
corrections  for  blockage  and  upwash  interferences.  (The 
calculation  of  wall  corrections  was  based  on  conven¬ 
tional  methods,  representing  the  model  by  simple  sin¬ 
gularities).  The  total  calculated  interference  correction 
nearly  matches  the  correction  by  wall  adaptation. 

The  most  relevant  results  are  for  the  outboard  wing 
section  y/s  -  0.925  shown  in  Fig.  4.15.  The  data  for 
not  adapted  walls  and  interference  free  reference  data 
are  plotted  for  comparison.  Also  plotted  arc  calculated 
residual  interferences. 

There  is  a  small  difference  between  the  curves  for  2-D 
adapted  and  interference  free  reference  data  which  may 
be  interpreted  as  the  expected  residual  interference.  The 
difference  has  the  correct  sign  and  magnitude  but  is 
very  small  so  that  it  hardly  rises  above  the  level  of 
experimental  scatter. 

In  summary,  the  tests  have  shown  that  wind  tunnel  wall 
interferences  can  substantially  be  reduced  by  the  use  of 
two-dimensional  adaptive  walls  The  method  seems  to 
be  applicable  over  a  wider  range  than  might  have  been 
anticipated. 

Residual  upwash  and  blockage  interferences  remain 
negligibly  small  over  extended  parts  of  the  test  flow, 
they  increase  toward  the  tunnel  walls  and  produce 
maximum  disturbances  at  the  wing  tips. 

Even  more  favorable  conditions  are  attained  in  rectan¬ 
gular  test  sections.  In  an  optimum  test  section,  having 
a  width  to  height  ratio  of  about  1.4,  residual  interfer¬ 
ences  remain  negligibly  small  over  the  entire  wing  span 
(see  section  4.4). 

The  wall  adaptation  procedure  is  simple  and  requires 
little  computational  effort  so  long  as  the  flow  equations 
can  be  linearized.  A  non-linear  code  was  developed  that 
may  be  used  in  severe  cases,  see  [4.1 1].  The  non-linear 
code  was  also  used  to  estimate  the  range  of  validity  of 
the  linear  approach. 


4.3.4  Initial  3-D  model  lest  in  the  0.3  m  TCT  adaptive 
wall  test  section  at  NASA  Langley 

An  initial  wind  tunnel  test  was  conducted  to  validate 
the  method  of  Rebstock  [4.10]  outlined  in  section  4.2.2. 
The  model  was  an  unswept  semi-span  wing  mounted  on 
the  right  sidewall  of  the  TCT:  aspect  ratio  4,  airfoil 
section  NACA  65A006,  semi-span/width  0.51,  solid 
blockage  0.79%,  reference  data  LRC  7'x|0’  tunnel 
(1951).  Tests  were  performed  at  Mach  numbers  between 
0.7  and  0.9  and  in  an  angle  of  attack  range  between  0° 
and  7”.  Two  model  locations  were  tested:  wing  centred 
and  a  high  position  halfway  between  the  turntable  een- 
ter  and  the  top  wall  in  order  to  increase  the  wall  inter¬ 
ferences.  Measurements  include  model  forces,  wall 
pressures  and  deflections. 

Fig.  4.16  shows  the  calculated  lifl  and  blockage  inter¬ 
ference  at  the  root  for  a  high  angle  of  attack  with  walls 
straight  and  the  wing  high.  The  induced  Mach  number 
is  small  and  almost  constant  at  the  wing  planform. 
However  the  induced  upwash  varies  considerably  in 
chord  direction  from  0.35°  at  the  leading  edge  to  1.7° 
at  the  trailing  edge  of  the  root  section  as  well  as  in 
spanwise  direction  (see  Fig.  4.18). 

The  aim  of  the  adaptation  is  to  reduce  the  chordwise 
and  spanwise  gradients.  Since  the  wall  deflections  are 
constant  across  the  wind  tunnel  width,  wall  interference 
can  only  be  controlled  at  one  target  line.  Interference  is 
highest  at  wing  root  and  the  target  line  is  positioned 
accordingly. 
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Fig.  4.16:  Chordwise  variation  of  waii  interference; 

wails  straight,  M_  =  0.7,  a  -  7”,  wing  high 


Fig.  4.17:  Chordwise  variation  of  wall  Interference; 

first  iteration,  M„  =  0.7,  a  =  V,  wing  high 


Fig.  4.18:  Interference  at  wing  after  first  iteration; 
M„  =  0.7,  a  -  7”,  wing  high 


Fig.  4.19:  Measured  wing  lift  versus  interference-free 
data;  M_  ->  0.7,  wing  high 


Fig.  4.17  shows  the  residual  interference  after  the  first 
iteration.  Blockage  velocity  and  upwash  angle  are 
greatly  reduced.  A  second  iteration  would  probably 
further  reduce  the  chordwise  variation  of  blockage  and 
upwash  interferences.  However,  the  upwash  an^e  still 
varies  in  spanwise  direction  (Fig.  4.18).  The  plots  indi¬ 
cate  the  progress  of  adaptation  and  help  to  position  the 
target  line  for  the  wall  shape  calculation.  The  calculated 
Mach  number  increment  AM  at  each  spanwise  location 
is  simply  an  average  value  across  the  respective  chord. 
The  lift  interference  across  the  span  is  represented  by 
the  induced  angle  of  attack  Aa.  The  remaining  gradient 
cannot  be  eliminated  by  2-D  wall  deflection. 

Fig.  4.19  shows  the  measured  model  lift  for  one  angle 
of  attack  sweep  during  the  wall  adaptation  process. 
Interference  free  values,  obtained  in  NASA  Langley's 
7x10  foot  wind  tunnel,  are  also  shown  for  comparison. 


4.3.S  3-D  model  tests  in  the  T2  wind  tunnel 
at  ONERAjCERT 

Various  wind  tunnel  tests  [4.6]  were  carried  out  in  the 
T2  since  1985  to  validate  and  improve  the  strategy  due 
to  Wedemeyer  and  Lamarche  [4.2,  4.4]  for  3-D  models 
in  test  sections  with  two  adaptive  walls. 

A  first  application  of  the  3-D  adaptation  process  was 
performed  with  an  asisymmetrical  model  called  C5 
(blockage  2V«).  Walls  were  streamlined  to  eliminate 
interference  along  the  model  axis.  Tests  were  performed 
at  Mach  numbers  between  0.6  and  0.95.  The  top  of 
Fig.  4.20  shows  at  Mach  0.84  the  significant  effect  of 
the  adaptation  from  straight  walls  on  the  Mach  number 
distribution  along  the  model.  The  adaptation  process  in 
this  case  requires  three  iterations,  the  first  giving 
already  a  rather  good  result.  Data  are  in  good  agree¬ 
ment  with  TU  Berlin  results  obtained  from  a  real  3-D 
adaptation  [4.5,  4.17]. 

The  bottom  of  Fig.  4.20  shows  a  similar  comparison  for 
a  higher  Mach  number  of  0.9  between  NASA  Ames 
I  Ixl  I  foot  wind  tunnel  (interference  free)  and  T2  after 
adaptation. 

Residual  errors  along  and  around  the  axis  .seem  to  be 
negligible  for  axisymmetrical  bodies. 

Other  tests  were  conducted  with  full  airplane  models 
located  on  the  wind  tunnel  axis  or  with  half  models  with 
a  large  span. 

The  results  presented  in  this  part  are  related  to  a  half¬ 
wing  model  mounted  on  the  right  sidewall  giving  a  very 
high  interference  level.  Details  of  the  model  and  of  the 
test  section  are  included  in  Fig.  4.21.  Fig.  4.22  shows 
at  the  top  contours  of  constant  wall  induced  blockage 
and  upwash  at  the  wing  planform  for  straight  walls  at 
M  -  0.78  and  «  “  3.25”.  The  induced  Mach  number 
is  not  small,  due  to  the  fuselage  section  and  the  induced 
upwash  varies  considerably.  Wall  adaptation  was  aimed 
at  eliminating  the  two  components  of  interference  along 
the  'target  line'  which  is  the  fuselage  axis,  see  the  bot¬ 
tom  of  Fig.  4.22.  The  blockage  interference  is  nearly 
eliminated  after  the  wail  adaptation  however  a  signif¬ 
icant  spanwise  gradient  of  the  upwash  interference 
remains.  The  top  of  Fig.  4.22  illustrates  the  different 
behavior  of  blockage  and  upwash  interferences.  The 
latter  is  less  uniform  in  spanwise  direction  and,  there¬ 
fore,  less  reducible  by  2-D  wall  adaptation  (see  also 
Fig.  4.25). 

Fig.  4.23  illustrates  an  interesting  comparison  between 
correction  and  adaptation.  Configuration  A  corresponds 
to  straight  walls  moved  in  rotation  by  0.5”.  The  angle 
of  attack  of  the  wing  related  to  the  upstream  flow  is  3.5° 
and  the  upstream  Mach  number  0.78. 

From  the  wall  measurements  interference  terms  can  be 
computed  along  the  wing  midspan  axis.  Corrections  are 
very  large  near  the  wing:  AM  -  0.06  and  As  -  0.5”. 
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Fig.  4.23:  Comparison  of  results  from  wall  correction  and  wall  adaptation. 


This  result  means  that  the  wing  vicinity  should  be 
adapted  at  M  -  0.84  and  a  -  4°  to  give  equal  results 
on  the  model. 

After  adaptation  of  the  walls  to  these  flow  conditions 
(case  B2)  the  corrections  decrease  to  AM  <  0.007  and 
Aa  <  0.2’  near  the  midspan.  The  agreement  between 
the  Mach  number  distributions  at  the  two  sections  is 
fairly  good. 

As  expected  the  adaptation  of  case  A  at  M  -  0.78  and 
a  ••  3.3*  gives  very  difTcrent  results  (case  C2),  see  the 
bottom  of  Fig.  4.23. 

The  3-D  adaptation  code  is  operational  at  T2  since  1983 
and  it  has  been  extended  by  a  correction  method  [4.18, 
4.19]  to  improve  the  efficimcy  of  the  process.  A  Mach 
number  range  up  to  0.93  for  axisymmetrical  bodies  and 
up  to  0.84  for  half  models  has  been  succssftjlly  explored, 
the  adaptation  being  realized  in  one  or  two  iterations. 


4.3  Jf  Preliminary  eupersonic  tests  in  the  SSCh  wind 
tunnel  at  ON  ERA  Chalats  Meudon 


Preliminary  supersonic  tests  were  carried  out  in  the 
S3Ch  wind  tunnel  at  ONERA  Chalais  Meudon,  sec 
Fig.  4.24.  The  test  section  of  0.22  m  height,  0.18  m 
width  and  0.93  m  length  is  equipped  with  two  upper 
and  lower  adaptive  walls  consisting  of  transverse  sliding 
plates  of  1.3  mm  thickness.  The  sidewalls  arc  .straight. 
The  upstream  Mach  number  is  fixed  by  a  nozzle  to  1.2. 
A  delta  wing  at  high  angle  of  attack  (30°  <  a  <  60°)  is 
tested  to  prove  that  wall  adaptation  can  be  realized  even 
in  a  difTicult  case  [4.20]. 

The  flow  field  was  measured  around  the  model  with  a 
3-hole  probe.  Test  results  are  presented  in  Fig.  4.24 
with  the  associated  wall  shapes  Si,  S2  and  S3. 

Three  shapes  are  compared;  S2  is  very  near  to  the 
adapted  case,  SI  Is  symmetrical  with  straight  parts  and 
S3  is  an  extremely  asymmetrical  shape  with  a  large  step 
at  the  upper  wall. 

The  Mach  number  distribution  presented  at  the  bottom 
of  Fig.  4.24  shows  the  tolerance  to  the  wall  shape.  Only 
at  60°  an  upwash  of  about  3°  appears. 
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Fig.  4.24:  Supersonic  tests  with  different  adapted  wall  contours:  S2,  S.5. 


4.3.7  Experimtntal  results  from  TSWT  at  the  University 
of  Southampton 

Experimental  tests  [4.9]  were  performed  with  two  side- 
wall-mounted  half-wing  models,  a  cropped  delta  wing 
(Fig.  4.25)  and  a  swept  wing  (Figs.  4.26,  4.27). 

The  data  are  in  three  parts.  Fig.  4.25  shows  contours 
of  constant  wall-induced  blockage  and  wall-induced 
upwash,  each  as  velocity  perturbations  referenced  to  the 
freestream  velocity,  for  the  cropped  delta  wing.  Wall 
adaptation  was  aimed  at  eliminating  these  two  compo¬ 
nents  of  interference  along  the  'target  line'  which,  in 
this  example,  is  the  horizontal  tunnel  centreline.  The 
contours  show  interference  levels  on  the  horizontal 
plane  through  the  centreline.  The  model  was  mounted 


nominally  in  this  plane.  The  contours  arc  shown  at 
0.002  intervals.  Blockage  is  shown  to  be  eliminated 
within  this  tolerance  by  wall  adaptation. 

Upwash  is  eliminated  along  the  target  line  but  remains 
at  significant  levels  near  to  the  root.  This  fact  underlines 
Wedemeyer's  suggestion  to  use  a  different  tunnel  cross 
section  for  large  .span  models,  if  upwash  is  to  be  reduced 
over  the  full  wing  span. 

Fig.  4.26  shows  some  adapted  wall  contours  for  the 
swept  wing  model  tested  at  8°  incidence  and  Mach 
number  0.8.  The  target  line  in  this  case  was  the  sidewall, 
the  root  of  the  half-wing  model.  The  wall  deflections  in 
the  region  of  the  model  are  2  mm  or  less,  in  sharp  con¬ 
trast  with  deflections  in  this  region  in  typical  tests  on 
two-dimensional  models  where  deflections  of  10  mm 
arc  quite  commonly  experienced  in  TSWT. 


S3 


However  the  removal  of  wall-induced  downwash  down¬ 
stream  of  the  half  wing  requires  quite  substantial 
downward  movements,  rising  to  about  9  mm  at  these 
test  conditions.  This  could  lead  to  a  misalignment  of  the 
flexible  walls  with  the  remainder  of  the  tunnel,  but  in 
the  case  of  TSWT  there  is  an  adjustable  diffuser 
between  the  ends  of  the  flexible  walls  and  the  next  fixed 
part  of  the  tunnel  which  accommodates  the  misalign¬ 
ment. 

Corresponding  measures  of  residual  upwash  interfer¬ 
ence  for  the  same  model,  test  condition  and  target  line 
ate  shown  in  the  table  enclosed  in  Fig.  4.27.  The  table 
includes  also  the  interferences  present  as  the  target  line 


is  moved  across  the  span.  The  measures  of  residual 
upwash  are  expressed  in  terms  of  root  camber,  tip  cam¬ 
ber,  and  twist  from  root  to  tip.  As  the  target  line  is 
moved  from  the  root  towards  the  tip  (y/b  rising  from  0 
towards  I)  the  residual  induced  camber  shifts  from  zero 
at  the  root  to  zero  at  the  tip.  The  data  is  rounded  to  the 
nearest  0.1  of  a  degree.  It  appears  from  an  inspection 
of  the  table  that  a  target  line  should  not  be  chosen  at 
the  root,  but  that  any  line  between  about  1/4  to  3/4 
semi-span  will  give  the  lowest  levels  of  curvature.  For 
example,  if  the  curvature  figures  for  the  y/b  ■=  0.27 
target  line  are  summed  in  order  to  establish  a  rough 
flgure  of  merit,  the  figure  is  about  0.4  degrees.  With 
straight  walls  the  corresponding  figure  was  2.2  degrees. 
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Fig.  4.26:  Wall  displacement  for  sidewall  mounted 
swept  wing,  AR  =  2.7. 
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Fig.  4.25:  TSWT  half-wing  tests  (M«  -  0.7,  a  -  8*). 

Contour  map  of  wall-induced  blockage  and 
upwash  in  the  plane  of  the  model. 


Fig.  4.27:  Influence  of  targetted  line. 

AR  2.7  swept  wing,  sidewall  mounted. 
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Fig.  4^:  The  2-D  adaptive  wail  test  section  at  TU 
Berlin. 


Fig.  4.29:  Pressure  along  centreline  or  the  flexible  wall. 
Model  FI.  M  -  0.80, «  -  O’. 
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Fig.  4.30:  Displacement  of  the  flexible  walls.  Model  FI, 
M  -  0.80,  a  -  O’. 


4.i.8  Experimental  results  at  TU  Berlin 

Important  research  was  done  at  the  technical  University 
of  Berlin  by  Ganzer  [4.5,  4.17].  The  main  part  of  the 
work  concerning  3-D  flows  was  performed  in  an  octag¬ 
onal  test  section  (H  -  0.15  m,  W  “  0.15  m,  L  - 
0.85  m)  allowing  a  complete  3-D  adaptation. 

Originally,  a  test  section  was  built  and  equipped  with 
two  flexible  Fiberglass  walls  as  shown  in  Fig.  4.28.  Eight 
to  thirteen  jacks  driven  by  electro-motors  were  used. 
This  test  section,  mainly  devoted  to  airfoil  tests,  was 
also  used  for  3-D  model  tests  employing  the  adaptation 
method  ofWedemeyer  and  Lamarche. 

An  example  of  waU  adjustment  is  shown  in  Fig.  4.29 
and  Fig.  4.30  with  the  model  Ft  (blockage  I. !*/•), 
which  is  a  swept  wing  Fixed  to  a  cylindrical  body  with 
an  ogive  nose.  Measurements  were  made  at  the  wall  and 
with  a  six-component  balance. 

Results  indicate  very  small  displacements  of  the  jacks 
corresponding  to  very  small  pressure  variations  along 
the  walls.  The  blockage  effect  of  the  support  was  also 
noticed. 

Ganzer  concluded  that  adaptation  of  only  two  walls  can 
provide  a  solution  to  the  problem  of  transonic  blockage. 
WaU  interferences  become  amenable  to  theoretical  cor¬ 
rection  methods,  in  particular  as  the  boundary  meas¬ 
urements  on  solid  walls  are  easier  to  perform  than  for 
ventilated  walls. 

Wall  adaptation  for  supersonic  flows  (I  <  M  <  1.3)  was 
also  studied.  Due  to  the  nearly  conical  shape  of  the 
shock  waves  (and  other  waves)  the  adaptation  in  a  2-D 
test  section  with  flexible  top  and  bottom  walls  appears 
to  be  not  feasible. 

4.4  Limitations  and  open  questions 
4.4.1  Introduction 

Perfect,  adaptation  would  generate  a  wall  shape  such 
that,  when  the  model  is  in  the  test-section  flow,  the  wall 
boundary  layer  displacement  surface  coincides  with  a 
stream  surface  that  would  be  observed  if  the  test  section 
had  infinite  size.  In  a  three-dimensional  flow  this  stream 
surface  is,  in  general,  also  three-dimensional.  Further¬ 
more,  the  free-stream  Mach  number  and  model  orien¬ 
tation  relative  to  the  free  stream,  in  the  ideal  infinite 
flow,  would  have  to  be  the  same  as  their  effective  values 
in  the  real,  adapted-wall  tunnel.  Many  of  the  problems 
arising  in  attempts  to  achieve  perfect  adaptation  occur 
even  when  the  wall  is  capable  of  three-dimensional 
deformation,  such  as  in  the  rubber-wall  test  section  at 
Gottingen,  the  octagonal  test  section  at  Berlin  or  the 
variable  porosity  test  section  at  Tullahoma,  see  e.g. 
Ref.  [4.5].  Some,  however,  are  peculiar  to  the  situation 
that  arises  in  two-dimensional  adaptation  for  three-di¬ 
mensional  flows.  As  has  been  shown  in  the  previous 
sections  of  this  chapter,  this  technique  has  very  impor¬ 
tant  advantages,  and  it  is  possibly  the  only  arrangement 
that  is  feasible  for  high-productivity  tests,  see  next 
chapter. 

Two-dimensional  wall  adaptation  is  necessarily  imper¬ 
fect.  The  residual  interferences  that  occur  must  there¬ 
fore  be  determined.  To  keep  them  small,  the  model  and 
flow  are  subject  to  certain  restrictions.  For  example,  the 
strategy  of  Wedemeyer  and  Lamarche  [4.2,  4.4],  in 
which  wall  interferences  are  eliminated  along  the  cen¬ 
treline  of  the  test  section,  is  subject  to  the  following 
assumptions: 

1.  The  lateral  extent  of  the  model  is  not  a  large  frac¬ 
tion  of  the  test  section  width. 

2.  The  asymmetry  of  the  flow  with  respect  to  the  ver¬ 
tical  centre  plane  of  the  test  section  is  small. 

In  this  section  we  first  address  the  limitations  imposed 
by  these  assumptions  and  then  discuss  other  limitations. 
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images  of  the  model  in  the  sidewalls  and  in  the  top  and 
bottom  walls.  The  sidewall  and  horizontal  walls  have 
opposite  effects  on  the  spanwise  variation  of  the 
upwash.  Changing  the  aspect  ratio  of  the  test  section 
changes  the  relative  importance  of  the  sidewall  and 
horizontal  wall  images,  so  that  a  more  favourable 
upwash  distribution  may  be  achieved. 

This  was  examined  numerically  by  Wedemeyer  and 
Lamarche  [4.7].  An  example  of  their  results  is  pre¬ 
sented  in  Fig.  4.32.  A  typical  transport  aircraft  model 
with  span  2s  was  considered  at  M„  =  0.7  and  C,.  =  0.5 
in  a  lest  section  of  height  h  and  width  b.  The  ratio 
Ts/vbii  was  taken  to  be  0.7  corresponding  to  2s/b  = 
0.7  in  the  square  test  section.  As  may  be  seen,  the  resi¬ 
dual  upwash  and  blockage  interferences  arc  approxi¬ 
mately  minimized  by  choosing  b/h  -  1 .4.  At  this  value, 
the  residual  upwash  and  the  residual  blockage  arc 
nearly  zero.  The  effect  of  test-section  aspect  ratio  is  even 
more  favourable  if  the  model  span  is  larger.  This  is 
shown  in  Fig.  4.33,  giving  resuiLs  for  the  residual 
upwash  for  the  same  conditions  as  in  Fig.  4.32  but  for 
2s/.ybh  =0.7,  0.8  and  0.9.  The  maximum  residual 
upwash  at  2s/7bh  =0.9  in  the  test  section  with 
b/h  =  1 .4  is  only  0.06',  i.e.  significantly  below  the  val¬ 
ue  at  2s/,/bh  =  0.7  in  the  square  test  section,  which  is 
about  0.33°. 

Clearly,  the  residual  interferences  are  not  an  important 
limitation  in  full-model  testing.  The  situation  is  signif¬ 
icantly  different  for  half-model  testing,  as  may  be  seen 
from  Fig.  4.31  center,  where  the  residual  upwash  wall 
interferences  are  seen  to  be  negative  if  cancellation  is 
achieved  by  adaptation  along  the  centreline  in  the  sym¬ 
metry  plane  of  the  model.  This  is  in  keeping  with 
Fig.  4.32,  bottom  left,  because  the  effective  aspect  ratio 
of  the  square  test  section  with  a  half-model  is  b/h  “  2. 


Fig.  4.31:  Residual  interference  distributions  for  a  full 

model  at  M  "=  0.80  and  Cl  =  1 .0 

and  a  half  model  at  M  0.20  and  Cl  =  S.O. 


4,4.2  Limitations  due  to  model  size 

An  important  feature  of  the  residual  interferences  is 
that  they  are  zero  at  the  test  section  centreline  and  have 
a  minimum  there.  Hence  they  remain  small  to  second 
order  with  increasing  distance  from  the  centreline.  A 
consequence  is  that  the  limitations  of  2-D  adaptation 
for  3-D  flows  are  far  less  restrictive  than  might  other¬ 
wise  be  anticipated.  This  has  been  demonstrated  by 
numerical  studies.  An  example  of  the  results  of  the 
compuUtion  by  Smith  [4.8]  for  a  model  of  a  typical 
transport  aircraft  with  span  equal  to  65%  of  the  width 
of  a  square  test  section  are  presented  in  Fig.  4.31,  taken 
from  [4.8].  The  figure  shows  at  the  top  the  upwash 
distribution  W,  across  the  span  for  a  full  model  at 
Cl  =  I  and  M_  =  0.80,  with  zero  and  40'  sweep.  As 
may  be  seen,  the  wall-induced  upwash  increases  slightly 
towards  the  wing  tips  '),  but  amounts  only  to  less  than 
0.1'  for  A  -  0  and  less  than  0.2'  for  A  -  40'  for  the 
wings  and  much  less  for  the  tail.  The  residual  blockage 
interference  is  smaller  than  0.1%,  see  bottom  left  of 
Fig.  4.31.  These  numbers  are  in  the  same  range  as  the 
accuracy  achievable  in  modem  wind  tunnels,  so  that 
they  do  not  represent  a  serious  limitation. 


Further  numerical  studies  of  residual  interferences  for 
various  aspect  ratios  of  the  test  section  are  reported  by 
Lewis  [4.24]  and  presented  here  in  Fig.  4.34.  The 
parameter  on  this  figure  is  the  variation  of  wall-induced 
upwash  velocity  along  the  span  referenced  to  the  free 
stream  Aw/U  and  expressed  as  a  percentage.  The  cal¬ 
culations  were  for  low  speed  flow  around  a  simple 
horse-shoe  vortex  of  unit  strength.  Elliptical  snanwisc 
loading  was  a.ssumed. 

4,4.3  Limitations  in  asymmetric  flow 

In  section  4.4.2  we  have  only  considered  flows  with  a 
symmetry  plane  passing  through  the  model  axis.  Clear¬ 
ly,  the  2-D  adaptation  cannot  cancel  sidewash  interfer¬ 
ences.  This  is  therefore  a  serious  limitation  of  the  tech¬ 
nique  whenever  the  sidewash  interference  is  significant. 
Such  situations  are  very  rare,  however,  as  may  be  seen 
by  the  following  argument.  Objects  tested  in  wind  tun¬ 
nels  are,  with  few  exceptions,  designed  to  produce  only 
small  side  force  per  unit  yaw  angle,  while  the  opposite 
is  true  of  the  normal  force.  Upwash  and  sidewash 
interferences  Aa  and  A^  are  proportional  to  the  forces 
experienced  by  the  model  In  the  respective  directions. 

Hence 

side  force  ,  normal  force 
—J—*  5  • 

or 


The  residual  interferences  can  actually  be  iiirther 
reduced  by  using  a  recungular  rather  than  a  square  test 
section.  This  may  be  understood  by  considering  the 


''  obtained  by  Roienfaad  [4.21]  and  Pmdt] 

[4.22]  for  wmp  n  cacular  letl  Kdion,  m  aha  Olaueit  [4.23]. 


^  -  Aa 
/»  *  ■ 

Therefore,  sidewash  interferences  are  usually  very  much 
smaller  than  upwash  interferences  and  need  not  be 
considered. 


Fig.  4.32;  Effect  of  test-section  aspect  ratio  on  upwash  and  biockage  interference. 

“  (Amj/A,™,)  ■  C|,  •  fltAu/  U„  =  •  t;  y  =  spanwise  posi¬ 

tion,  s  =  semispan. 
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4.4.4  Other  limitations 


Fig.  4.33:  Upwash  angle  a  versus  spanwise  position  y 
for  various  test-section  aspect  ratios  b/h  and 
wing  span  ratios  Zs/^b  •  h  .  Wing  with  ellip¬ 
tical  load  distribution,  Cl  =  O.S. 


Fig.  4.34:  Upwash  variations  along  the  span  of  a  wing 
in  a  straight  test  section. 


Requirements  of  adaptive  wall  techniques  such  as  min¬ 
imum  test  section  length,  density  of  adjustment  jack.s, 
performance  as  M_  ->  I,  ability  to  return  the  now 
direction  to  the  upstream  direction  etc.  apply  equally  to 
other  techniques  as  to  2-D  adaptation  for  3-D  ^ws. 

One  of  the  important  advantages  of  2-D  adaptation  for 
3-D  Hows  is  that  the  full  test  section  is  optically  acces¬ 
sible  at  least  in  one  direction.  This  is  not  achievable  in 
3-D  adaptation.  Some  modem  diagnostic  techniques 
such  as  laser  induced  Huorescence  show  promise  of 
providing  signiFicantly  more  information  about  Hows 
than  has  been  possible  to  date,  and  do  so  at  a  very  high 
rate.  They  require  limited  optical  access  in  one  direction 
and  full  optical  access  at  right  angles  to  it,  however. 
This  seems  difTicult  because  a  window  needs  to  be  made 
on  the  flexible  wall.  Since  it  needs  only  to  be  small, 
however,  it  is  probably  possible. 


4.4.5  Conclusions 

Results  of  calculations  made  for  transport  aircraft 
models  show  that  the  residual  interferences  can  be 
reduced  to  such  small  values  that  they  are  in  the  same 
order  of  magnitude  as  the  uniformity  of  the  test  section 
flow  achievable  today  or  less.  Adjusting  the  test  section 
aspect  ratio  improves  the  situation  significantly.  Resi¬ 
dual  interferences  arc  not  so  small  in  half-model  tests 
but  can  be  reduced  significantly  if  a  special  aspect  ratio 
lest  section  is  used. 

It  is  advisable  in  any  event  to  measure  the  residual 
interferences  by  instrumenting  all  four  walls  with  a  suf¬ 
ficiently  large  number  of  pressure  tappings. 

The  advantages  of  the  2-D  adaptation  seer  to  outweigh 
the  limitations  in  view  of  the  more  general  limitations 
on  flow  uniformity  achievable  in  transonic  wind  tun¬ 
nels. 
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5.  HIGH  PKOOOCnVITT  TESTING 


Editor:  J.  telth 

Oth«r  contrlbutora :  B.  WaduMyor*  A«  Mlgnoai 

5.1.  Gonazal  conaldaratioas 

laportant  paraaatara  of  a  prodvetion  trlnd* 
tunaal  ara  Ita  afficlancy  and  varaatillty. 
Bfflclancy  can  ba  azpraaaad  In  tama  of 
"cost  par  data  point" ■  aecountins  for  both 
tha  invaataant  and  running  coat.  Varaatillty 
rafara  to  tba  variacy  of  teats  tba  vlnd- 
tunnal  can  accapt  and  is  suited  for.  Both 
aspacta  can  ba  affected  by  tha  introduction 
of  an  adaptive  wall  test  aaction. 

Tba  additional  Invaatnant  required  for  fully 
autonatad  adaptive  wallSt  relative  to  pas¬ 
sive  walls,  is  aatinatad  to  ba  of  tha  order  ' 
of  8  -  202  of  the  "tum-kay"  coat  of  a  tran¬ 
sonic  wlndtunnal  depending  on  a.g.  the  nun- 
bar  of  adaptive  walla.  Kaintananca  cost  will 
also  slightly  increase.  Tha  running  coat  nay 
ba  much  nora  senaltlva  and  la  donlnatad  by 
energy  conaunptlon  and  production  rate. 

For  3D  testing,  the  power  raquirenant  does 
not  strongly  depend  on  tha  adaptive  or  pas¬ 
sive  nature  of  tha  walla.  However,  the 
energy  losses  in  a  solid  wall  test  section 
nay  ba  20  -  502  snallar  than  those  in  a  simi¬ 
lar  ventilated  one;  roughly  half  of  this 
reduction  nay  still  ranain  idien  considering 
a  conplete  closed-circuit  windtunnal.  There¬ 
fore,  an  interesting  reduction  of  power  re- 
quirenent  can  ba  obtained  by  applying  adap¬ 
tive  solid  walla  instead  of  ventilated 
walls . 

Tha  production  rata  depends  strongly  on  tun¬ 
nel  control,  data  acquisition  and  data  pro¬ 
cessing,  and  test  procedures.  There  is  no 
apparent  reason  why  tunnel  control  should 
differ  such  for  either  passive  or  adaptive 
walls,  apart  frow  the  additional  adaptive 
wall  control  as  such.  Adaptive  walls,  how¬ 
ever,  require  fast  data  acquisition,  not 
only  of  Bodel  data  but  also  of  wall  boundary 
data.  Moreover,  data  processing  should  be 
very  fast  in  order  to  allow  feed-back  of 
aeasured  data  to  wall  control.  For  high-pro- 
ductivlty  testing,  traversing  systews  (e.g. 
traversing  probes,  LOV)  and  ■echanical  scan¬ 
ning  devices  do  not  seen  acceptable  as  BSth- 
ods  for  detemining  the  flow  near  the  walls. 

In  general,  the  test  procedures  applied  in 
present  day  adaptive  wall  research  facili¬ 
ties  reflect  that  relatively  little  atten¬ 
tion  has  been  paid  to  production  rate  (for 
obvious  reasons).  The  proven  strategies  re¬ 
quire  the  Masursasat  of  an  "initial  test 
condition"  and  one  or  aore  subsequent  aea- 
sureasnts  of  noainally  the  saae  test  condi¬ 
tion  in  order  to  arrive  at  the  optlaua  wall 
setting  at  which  the  effective  data  point  is 
taken  (Sections  3.2  and  4.2).  Such  strate¬ 
gies  are  Halted  to  aeasursasnts  in  a  "step/- 
pause”  fashion  and  require,  per  data  point, 
at  least  twice  the  amount  of  tias  used  for 
conventional  step/pauae  testing.  However, 
the  "true"  conditions  can  be  defined  a  prio¬ 
ri  instead  of  after  correction.  This  aay 
considerably  reduce  the  required  saount  of 
data  points  (and  tasting  tlas)  by  eliaina- 
ting  the  need  to  Interpelata  between  (close¬ 
ly  spaced)  data  points  in  order  to  arrive  at 
tha  desired  test  conditions. 


For  "continuous"  testing,  i.e.  perforaing 
asasursaents  while  the  test  conditions  are 
gradually  changing  with  tlae,  different  and 
probably  less  rigorous  strategies  will  be 
required.  Since  "continuous  testing" 
provides  the  higher  production  rate  and  Is 
aore  deaandlng  with  respect  to  both  hardware 
and  software,  it  will  be  discussed  in  aore 
detail  in  Section  5.2. 

The  operational  versatility  of  an  adaptive 
wall  test  section  will  generally  be  less  than 
that  of  a  conventional  one.  For  instance, 
possibilities  for  optical  access  and  auxilia¬ 
ry  aounting  provisions  are  aore  Halted  since 
they  aay  interfere  with  the  active  walls. 
Moreover,  in  the  particular  case  of  2D  flexi¬ 
ble  solid  walls,  testing  at  near-sonic  free- 
Btreaa  conditions  is  not  (yet?)  possible.  On 
the  other  hand,  the  better  flow  quality  that 
can  be  achieved  with  solid  walls  nay  be  of 
laportance  for  e.g.  Natural  Laminar  Plow  de¬ 
velopment  and  transport  aircraft  drag  optimi¬ 
sation  while,  in  addition,  the  associated 
reduced  power  requirement  aay  be  re-invested 
in  order  to  obtain  higher  Reynolds  nuaber. 


S.2.  Towards  high  production  rates 

In  the  past  decade,  the  operation  of  produc¬ 
tion  windtunnels  has  shown  an  appreciable 
shift  from  "step/pause"  to  "continuous"  test¬ 
ing.  Continuous  force  neasureaent  procedures 
are  well-established,  irtille  developments  are 
still  directed  to  ever  increasing  rates  of 
change  of,  especially,  the  angle  of  attack, 
exploring  the  possible  Halts.  Slallar  advanc* 
es  have  been  mads  for  pressure  aeasureaents 
since  the  advent  of  electronic  pressure  scan¬ 
ning  systeas.  Therefore,  it  is  to  be  expected 
that  adaptive  wall  windtunnels  will  have  to 
be  able  to  operate  in  a  "continuous  testing" 
node  in  order  to  be  competitive.  Unfortunate¬ 
ly,  "continuous  testing"  adaptation  strate¬ 
gies  are  not  yet  well-established,  so  the 
following  discussions  are,  for  an  laportant 
part,  bound  to  be  rather  speculative  in  na¬ 
ture. 

Considering  power  requireaent,  flow  quality 
and  relative  ease  of  wall  boundary  aeasure- 
asnt,  flexible  solid  walls  seem  to  have  defi¬ 
nite  advantages  as  compared  with  adaptive 
ventilation,  except  for  the  near-sonic  flow 
doasln  in  which  perforated  walls  (passive  or 
adaptive)  are  still  unrivalled.  Regarding 
operational  versatility,  it  seems  undesirable 
to  aim  at  full  3D  streaalining  of  the  walls. 
Besides,  full  streaalining  (i.e.  wall  inter¬ 
ference  ellainatlon)  tends  to  Increase  the 
need  of  Iteration  as  opposed  to  adaptation 
aimed  at  obtaining  correctable  conditions,  to 
be  discussed  later.  For  these  reasons,  but 
also  because  of  the  siapler  presentation  in¬ 
volved,  the  following  discussions  will  aalnly 
be  phrased  in  terns  of  2D  adaptation  (for 
both  2D  and  3D  testing:  eee  also  Chapter  4) 
by  aeans  of  flexible  solid  top  and  bottoa 
walls  and  plane  solid  side  walls.  They  will 
also  be  lifted  to  test  conditions  with  sub¬ 
sonic  flow  near  the  adaptive  walls.  Vi  thin 
these  llaltatlena,  however,  the  general  phi¬ 
losophy  should  also  globally  apply  to  adap¬ 
tive  ventilated  wells. 
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S.2.1.  Data  acqulaltion  and  wall  control 

In  ordar  to  naat  tha  "contlnuoua  tasting" 
raquiraaant*  both  aodal  quantltias  and  wall 
boundary  conditions  Bust  ba  aaasurad  alsKist 
instantanaously  and  siBultanaously.  This 
sssBs  faasibla  with  raspact  to  forca  balanea, 
alactronically  scannad  prassura  and  wall  dis-* 
placaaant  asasuraBants.  (Vail  boundary  condl^ 
tion  aaasursBMita  In  a  vanellatad  tast  sac- 
tlon  ara  still  Bueh  Bora  problsBatie) . 

A  possibla  approach  to  fast  wall  control  is 
tha  cottcapt  of  a  "liva  wall",  whara  all  con¬ 
trol  units  (a.g.  jacks)  bows  slsniltanaously 
and  proportionally  froa  a  prawious  satting 
to  tha  naxt  to  arriva  thara  (quasi-)  slaulta- 
nsously.  Such  a  "liwa  wall"  also  saaas  faasi¬ 
bla  »  although  safaguarding  tha  procass  saaas 
a  aajort  but  solwablst  problaa.  In  fact, 

<WEKA  T2  alraady  applias  proportional,  l^t 
not  siaultanaous •  jack  control. 


5.2.2.  Adaptation  algorithas  and  strataglaa 

Vail  adaptation  calculations  aust  ba  par- 
foxBsd  axtraasly  rapidly  in  ordar  to  kaap 
tha  walls  "liva".  Moraovar,  it  is  not  auffi- 
eiant  to  caleulata  tha  optlauB  wall  shapa 
for  tha  data  point  takan  at  a  apacific  bd- 
aant.  On  tha  contrary,  at  that  aoBsnt  tha 
walls  should  ba  Instructad  whara  to  go  to 
for  tha  VEXT  data  point.  In  othar  wordss  tha 
adaptation  algorithas  should  to  sobs  axtant 
ba  pradictiva,  probably  by  sobs  kind  of  ax- 
trapolation  of  data  froa  pracading  data 
points.  It  Bay  ba  axpactad  that  such  an  ap¬ 
proach  has  Inharant  laparfactions.  Howavar, 
eonsidaring  tha  data  point  danslty  that  can 
saslly  ba  obtainad  in  continuous  tasting,  it 
nay  ba  aspactad  that  tha  laparfactions  can 
ba  satisfactorily  allainatad  by  applying 
residual  intarfaranca  corractlons.  Obvious¬ 
ly,  Itsrativa  tachnlquas  can  navar  cops  with 
continuous  tasting.  Only  so-callad  "Ona-Stap 
Nathoda"  (tS.ll  -  tS.Sl)  could  ba  coabinad 
with  a  data  prediction  achaaa. 

It  has  bean  argued  (a.g.  Ts.lJ)  that  Ona- 
Stap  Nathoda  can  not  exist:  "because  the 
prassura  and  velocity  fields  of  tha  nodal 
will  change  after  tha  wall  adjustaant  and 
resultant  intarfaranca  reduction”.  This  will 
undoubtedly  be  tha  case  if  tha  adaptation 
procass  is  aiasd  at  tha  allalnatlon  of  intar¬ 
faranca.  If,  howavar,  wall  adaptation  ia 
linitad  to  tha  allalutlon  of  intarfaranca 
gradients  only  ^S.S],  than  tha  associatad 
changes  of  tha  nodal  flow  nay  ganarally  ba 
expected  to  ba  sufficiently  snail  to  ba  ig¬ 
nored.  Of  course  thara  ara  exceptions,  for 
instsnea  in  case  these  gradients  happen  to 
induce  or  supprass  flow  aaparations  or  shock 
wavs  displaeanonts.  In  continuous  tasting 
with  a  "liva”  adaptive  wall,  however,  such 
affects  ara  relatively  snail  because  tha 
gradients  ara  ralativaly  snail  due  to  tha 
gradually  changing,  alwaya  partly  adapted 
for,  cast  conditions,  provided  that  tha 
starting  point  of  each  "sweep"  ia  properly 
adapted  for.  These  starting  points  could  ba 
treated  by  aaans  of  iterative  techniques 
(ineludlng  Ona-Stap  Methods),  without  seri¬ 
ously  Incraaaittg  tha  running  tine. 

Although  present  day  Ona-Stap  Methods  ara 
restricted  to  linear  flows,  the  following 
Bust  ba  strassad  Ts.dl:  All  Bodam  linaar- 
Isad  flow  theories  for  wall  adaptation  and 


wall  Intarfaranca  assassnant  (not:  corrac- 
clonsl)  ara  fundanantally  related  (Sea  also 
Subchaptar  6.2);  those  considering  tha  "inte¬ 
rior  flow  donain”  ara  conpatibla  with  and 
coBplanantary  to  those  considering  tha  "Inag- 
Inary  exterior  flow  donain"  and  will,  there¬ 
fore,  have  vary  slBllar  Halts  of  validity. 

It  is  ganarally  assunad  that  these  llaits 
ara  encountered  ^an  supersonic  pockets  ex¬ 
tend  to  tha  tast  saetion  walls. 

Tha  linearised  flow  assuBption  creates  the 
possibility  to  rsdttca  the  necessary  on-line 
calculations,  with  raspact  to  both  "Ona- 
Stap"  wall  adaptation  and  residual  interfer¬ 
ence  asseasBsnt,  to  Bars  natrix  *  vector  nul- 
tiplicatlona.  Tha  vector  represents  the  nes- 
surad  wall  boundary  conditions;  tha  Bstrices 
represent  tha  corresponding  influanea  coeffi¬ 
cients.  It  would  ba  BDst  profitable  if  the 
test  procedure  ware  such  that  tha  natrix  eo- 
afficiants  could  ba  calculated  during  tha 
tins  in  between  succasslva  "sweeps"  and  would 
ranain  constant  during  the  sweeps. 


'.2.3.  Test  procedure 

In  the  early  days,  NPL  adopted  tha  policy  of 
using  tha  MMh  nunbar  sweep  (i.e.  varying  Me 
at  a  fixed  angle  of  attack  satting  a)  in  pref- 
aranca  to  tha  a-svsap  (l.a.  varying  a  at 
fixed  Me)  in  order  to  ninlnisa  tha  tine  re¬ 
quired  to  sat  walls  by  ninlnislng  tha  dis¬ 
tance  travelled  between  test  conditions  (Chap¬ 
ter  1).  For  continuous  testing  in  a  flexible 
wall  test  section,  however,  there  ara  dis¬ 
tinct  advantages  of  applyl^  tha  o-sweap  in¬ 
stead. 

First  of  all,  the  natrix  coefficients  nan- 
tloned  in  tha  previous  saetion  depend  on  a 
variety  of  gaonatrical  quantities  (a.g.:  tast 
section  gaonetry,  distribution  of  wall  bound¬ 
ary  data,  location  of  tha  "target  line",  see 
also  Section  4.2)  and  the  reference  Mach  n\aa- 
ber.  Tha  geonatrlcal  quantities  can  ba  fixed 
during  a  tast,  so  the  nstrlx  coefficients 
will  than  only  depend  on  Mach  nuaber  and, 
therefore,  do  not  need  to  ba  recalculated 
during  an  o-sweap.  The  tine  betwaan  succes¬ 
sive  sweeps,  already  required  to  change  the 
Mach  nuaber  setting,  can  ba  used  to  calculate 
the  coefficients  for  tha  successive  Ma-sweep 
without  delaying  the  tast. 

Secondly,  buoyancy  is  gensrally  very  snail  in 
a  solid  wall  tast  section  (except  for,  asybe, 
wings  with  nasslve  flow  separation,  Isolated 
propellers,  etc.)  and  blockage  is,  therefore, 
correctable.  Consequently,  the  reduction  of 
streaallne  curvature,  which  is  roughly  propor¬ 
tional  to  lift,  sasBS  to  be  tha  naln  issue. 
Lift  is  s  najor  driving  factor  in  terns  of 
wall  interference  and,  even  at  fixed  angle  of 
attack,  varies  considerably  at  higher  Mach 
ninbers  (around  the  "lift  divergence"  condi¬ 
tions)  . 

Thirdly,  the  spae*^  required  for  wall  adjust- 
aant  during  u-swseps  does  not  saea  to  present 
a  Bsjor  problaa  for  test  sections  of  the  usu¬ 
al  sites.  For  instance,  [5.7]  euggaats  a  naxl- 
BUB  dlsplacanent  of  about  L.SO  an/ dag.  or 
roughly  0.002  *  /B  •  H  per  degree  change  of 
angle  of  attack  at  Na  •  0.70  (Sea  also  Fig. 

1).  Tripling  that  value  in  ordar  to,  generous¬ 
ly,  account  for  half  aodals.  higher  Mach  oua- 
bara,  etc.  and  assuaing  /b  •  H  "la  would, 
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for  •uuBpl«»  lt«d  to  a  apaad  raquiraMnt  of 
12  aa/dag.  This  saeas  quite  faaalbla  for  tha 
currantly  coonon  rates  of  change  of  up  to  1 
dag. /sac.  Of  coursa»  the  requirenent  may 
cause  serious  problems  should  the  rate  of 
change  be  much  larger. 

Finally,  varying  a  at  constant  Na  can  general¬ 
ly  be  performed  at  much  higher  rates  (in 
terms  of  useful  data  points  per  second)  chan 
its  opposite,  because  of  Inertia. 


5.3.  Conceivable  high-productivity  strategy 

From  the  previous  sections,  a  possible  high- 
productivity  strategy  can  be  conceived.  For 
convenience,  the  strategy  will  be  phrased  in 
terms  of  an  aircraft  model  vith  its  pitch 
axis  coinciding  vlch  Che  centre  of  a  2D  adap¬ 
tive  flexible  wall  test  section  and  tests 
consisting  of  (continuous)  a-sweeps. 

a)  Teat  preparation 

Perform  numerical  simulations  of  the 
model  in  the  test  section,  for  various 
Mach  numbers  and  at  least  two,  suffi¬ 
ciently  different,  values  of  lift.  Also 
numerically  simulate  the  associated 
optimum  wall  shapes  in  the  best  possi¬ 
ble  way.  Separate  lift  and  blockage 
effect* . 

From  these,  derive  first  estlaiates  of 
wall  dlsplaceaMnts  as  functions  of 
lift.  Considering  the  linearity  of  the 
problem,  wall  displacement  may  be  ex- 
pected  Co  vary  linearly  with  lift,  so 
Che  functions  will  essentially  be  Con¬ 
stance  k.  •  do/dC-  for  each  Jack  loca¬ 
tion  and^Kach  numner  (section  5.4.1). 

b)  Before  Che  first  and  in  between  succes¬ 
sive  a'-a%rceps 

Sec  Che  Mach  number  and  simultaneously 
calculate  Che  Influence  coefficient 
matrices  with  respect  to  a  One-Step 
adaptation  method  and  wall  interference 
assessment  (Section  5.2.2).  Estimate 
the  initial  dC^/da. 

c)  First  data  point  of  each  sweep 

Take  date  and  perform  wall  adaptation 
as  well  as  possible,  starting  with  an 
initial  wall  shape  derived  from  step  a) 
and,  if  necessary,  using  an  iterative 
technique.  The  eventual  adapted  wall 
should  eliminate  blockage,  buoyancy  and 
streamline  curvature,  but  not  necessari¬ 
ly  the  upwash  level,  in  the  vicinity  of 
Che  test  article  along  e.g.  '*a  target 
line"  (Section  4.2.). 

Predict  and  wall  setting  for  the 
next  data  point,  u'ling  the  known  next 
value  of  a  nnd  the  first  estimates  of 
dC./do  nnd  k  by  adding  the  associated 
increments  to  the  present  values. 

d)  Start  or  continue  the  actual  o-sweep 


a)  Data  points 

Take  data,  calculate  (and  possibly  ap¬ 
ply)  residual  corrections  and  "optimum 
wall  setting"  (One-Step  Method),  which 
may  differ  slightly  from  the  predicted 
one,  for  this  data  point  and  improve 
the  estimates  of  dC^/da  and  k.  using 
the  present  and  previous  data^points. 
Predict  C  and  wall  setting  for  the  next 
data  point,  using  the  improved  estimates 
of  dC, /do  and  k.  ae  well  as  Che  present¬ 
ly  calculated  "Dptimum  wall  setting". 

f)  Completing  the  a-sweep 

Repeat  steps  d)  and  e)  until  the  sweep 
is  completed.  Then  proceed  with  step  b) 
if  additional  sweeps  are  required. 

It  may  be  useful  to  recall  here  that  the  stra¬ 
tegy  is  mainly  based  on  minimisation  of 
streamline  curvature  effects.  After  the  first 
data  point  of  each  sweep,  however,  also  block¬ 
age  and  buoyancy  may  vary  per  data  point  and 
certainly  the  upwash  level  will .  Upwash  and 
blockage  are  assumed  to  be  correctable  (they 
surely  are  if  no  gradients  occur)  and  buoyan¬ 
cy  is  assumed  to  Le  small  (Section  5.2.3.). 


5.4.  Some  experimental  and  ntmerical  support  for 
proposed  strategy 

5.4.1.  Experiment 

Some  typical  examples  of  wall  displacements 
associated  with  2D  wall  adaptation  for  an 
aircraft  model,  taken  from  (5.7),  are  shown 
in  Fig.  5.1.  Because  forces  have  not  been 
measured  during  this  test,  wall  displacement 
is  shown  as  a  function  of  incidence.  The  sta¬ 
tions  A-D  have  been  chosen  arbitrarily  and 
are  identified  in  the  top  of  the  figure.  The 
actual  wall  displacements  have  been  divided 
into  a  part  representing  the  "camber"  of  the 
test  section  (a)  and  a  part  associated  with 
the  local  increase  in  test  section  height 
(5).  The  "camber"  o  Is  associated  with  model 
lift  and  6  reflects  the  compensation  of  block¬ 
age. 

As  expected,  a  turns  out  to  vary  linearly 
with  lift,  enabling  its  prediction  (with  con¬ 
fidence)  for  a  subsequent  data  point  from 
preceding  ones.  The  local  height  variation  6 
varies  non-linearly  with  lift,  but  omitting 
such  a  variation  mainly  affects  the  (correct¬ 
able)  blockage  level,  unless  massive  flow 
separation  occurs. 

A  similar  example,  taken  from  a  half  model 
test  in  ONERA  T2,  is  shown  in  Fig.  5.2.  At 
the  higher  lift  coefficients,  some  non-linear' 
Ity  appears  in  the  o-curves  which  might  be 
associated  with  large  supersonic  pockets  on 
the  wing's  upper  surface.  Besides,  it  is  indi¬ 
cated  that  6  may  be  well-predicted  by  area 
ruling,  l.e.  by  creating  a  constant  cross-sec¬ 
tion  stream  tube. 

Very  similar  results,  not  shown  here,  have 
been  obtained  for  tests  on  2D  aerofoils. 


Change  a  and  wall  setting  slmultaneoue- 
ly  and  linearly  with  time  towards  the 
predicted  next  setting.  When  the  next 
setting  is  reached,  perform  the  next 
step  (e)  without  changing  the  ongoing 
movements. 
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5«4.2.  NuMrlcal  •iaulatlon 

Although  eh«  •xptrlM&tal  results  do  suggest 
the  fssslblllty  of  s  predictive  sdsptstion 
strstegy,  such  s  strategy  has  never  been  ap¬ 
plied.  Therefore*  a  nuMsrical  simulation  has 
been  performed  [5.8]. 

A  panel  method  was  used  to  simulate  a  typical 
aircraft  model  in  a  2D  flexible  wall  test 
section  (Fig.  S.3).  Since  the  Kach  number 
merely  represents  a  scaling  factor  (in  linear¬ 
ized  subsonic  flow),  Ma  ■  0  was  adopted,  for 
convenience.  For  comparison,  unbounded  flow, 
one-step  adaptation  (as  would  be  used  in  a 
step/pause  mode)  and  conventional  plane  sol¬ 
id  walls  have  also  been  considered. 

The  strategy  applied  for  predictive  adapta¬ 
tion  corresponds  with  the  NLR  strategy  (see 
Chapter  4),  with  one  exception: 

The  Initial  estimates  of  k.  (•  do/dC.)  were 
obtained  in  an  approxlmate^way,  simulating 
tha  plane  wall  "experiment"  by  means  of  a 
method  of  Images  with  a  very  conventional 
model  representation  (swept  horseshoe  vor¬ 
tex).  In  addition,  the  values  of  k.  have  not 
been  updated  during  the  sweep.  This  omission 
allowed  faster  calculations,  because  interme¬ 
diate  applications  of  a  One-Step  Method  then 
are  no  longer  necessary 1  In  order  to  update 
dC. /da  before  reaching  the  second  effective 
date  point*  an  intermediate  point  was  taken 
at  a  "  -4*,  not  shown  here. 

The  small  differences  between  the  results  of 
the  One-Step  (OS)  and  Predictive  Adaptation 
(PA)  for  the  first  data  point  a  •  -5*  are 
due  to  the  fact  that  the  Predictive  Adapta¬ 
tion,  in  this  case,  applied  the  MLR  One-Step 
Method  twice  (i.e.  iteratively). 

The  OS  and  PA  "measured"  data  also  agree 
very  well  for  the  remaining  data  points* 
again  supporting  the  predictive  strategy.  As 
was  to  be  expected,  the  data  "measured"  with 
Plane  Solid  walls  (PS)  are  less  satisfactory. 
After  the  application  of  (residual)  correc¬ 
tions*  all  date  agree  very  well,  including 
the  Unbounded  Flow  (UF)  reference  data. 

These  results  confirm  the  effectiveness  and 
similarity  of  the  two  different  adaptation 
procedures. 

On  the  other  hand,  the  results  hardly  demon¬ 
strate  the  necessity  of  adaptive  walls.  Ap¬ 
parently,  the  low  Mach  number  suppresses  the 
mutual  differences  considerably  (scaling 
factor).  For  more  conclusive  results,  higher 
Mach  numbers  (and  preferably  local  superson¬ 
ic  flow  on  Che  pndel)  ought  to  be  consid¬ 
ered.  For  such  studies*  however,  experiments 
seem  more  appropriate. 


5.5.  Concluding  resurks 

Conelderlng  Investment  cost*  running  cost, 
operational  versatility  and  flow  quality, 

Che  present  feeling  is  that  a  so-called  "two- 
dimensional  flexible  wall  test  section"  Is  a 
near-optimum  solution  for  production  vlndtun- 
nels*  up  to  high  subsonic  Mach  numbers.  For 
near-sonic  test  conditions,  ventilated  walls 
are  still  unrivalled. 


High  productivity  implies  the  requirement  of 
"continuous  testing",  i.e.  performing  mea¬ 
surements  while  the  test  conditions  are  grad¬ 
ually*  but  continuously*  varying  in  a  con¬ 
trolled  way.  "One  Step  Methods"  are  not  by 
themselves  suited  for  continuous  testing.  In 
order  to  anticipate  Che  ever  varying  test 
conditions*  the  necessary  wall  adaptation 
strategy  must  also  to  some  extent  be  predic¬ 
tive. 

Such  strategies  are  presently  not  well  estab¬ 
lished.  Therefore  a  possible  high  productivi¬ 
ty  strategy  has  been  discussed  in  a  somewhat 
speculative  fashion,  although  supported  by  a 
little  experimental  and  numerical  evidence. 
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^UF  >  unbounded  flov 

PA  •  predictive  adaptation  (continuous  testing) 
OS  •  one-step  adaptation  (step/pause) 

PS  •  plane  solid  walls 


Fig.  5.3  Nunerlcal  slBulatlon  of  different  procedures 
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6.  Limit*  of  adaptation,  residual  interferences 

Editor:  M.  Mokry 

Other  contributors:  J.C.  Erickson,  Jr.,  M.J.  Goodyer,  A.  Mignosi,  G.P.  Russo, 
J.  Smith,  E.  Wcdemeyer,  and  P.A.  Newman  (NASA/LaRC) 


6«1  Adaptation  va«  passive  walls 

The  need  to  perform  wind  tunnel  tests  at  high  subsonic 
and  transonic  Mach  numbers  has  led  to  an  early  recognition 
of  the  foct  that  cmiTentional  solid  wall  wind  tunnels  become 
choked  and  that  wall  interference  corrections  based  on  lin* 
earised  theory  diverge  as  the  test  speed  approaches  Mach 
number  one«  To  ofeseome  these  difficulties  new  test  section 
were  investigated  avoiding  the  detrimental  influence 
of  rigid  walls.  An  obvious  solution  was  the  contouring  of 
the  test  tecdon  walls  which  led  to  the  early  development  of 
adaptive  wall  wind  tunnels  at  the  National  Physical  Labo¬ 
ratory  in  the  late  1030’s.  Another  solution,  that  also  goes 
back  to  the  late  1930*s,  was  the  development  of  test  section 
walla  with  lon^tudinal  slots. 

The  technical  and  operational  simplicity  of  the  slotted 
wall  wind  tunnel  may  have  led  to  the  decision  to  abandon 
the  adaptive  wall  approach  in  the  19S0’s.  Twenty  years 
later,  in  the  early  1970*8,  a  renewed  interest  in  adaptive 
walls  arose.  Test  experience  had  uncovered  certain  deflden- 
cies  of  ventilated  wall  test  sections  that  will  be  discussed 
below.  Most  important  for  the  revival  of  the  adaptive  wall 
wind  tunnel  was,  however,  that  adaptation  strate^es  could 
be  used  to  determine  the  exact,  interference  free  wall  con¬ 
tour  with  the  aid  of  high  speed  computers. 

«.1.1  Ventilated  waUs 

It  has  been  known  that  the  comlnned  effect  of  solid 
and  open  wall  elements  can  largely  reduce  wall  interfer¬ 
ence,  Ref.[9.l],  and  calculations  of  Wieselsberger  in  1939, 
Ref.[6.2],  had  shown  how  wall  interferences  could  be  mini¬ 
mised,  theoretically,  by  a  suitable  arrangement  of  longitu¬ 
dinal  slots  in  the  test  section  walls.  Moreover,  the  config¬ 
uration  of  slots  was  independent  of  the  test  section  Mach 
number  so  that  the  same  slotted  wall  test  section  could 
be  used  throughout  the  whole  range  of  subsonic,  transonic, 
and  even  low  supersonic  speeds.  It  was  found  later  that 
at  supersonic  speeds  perforated  walls  are  better  suited  to 
caned  wave  reflections,  Ref.[6.3]. 

Under  certain  simplifying  assumptions  it  can  be  shown 
that  the  flow  over  slotted  walls  is  subject  to  the  following 
boundary  condition  for  the  velocity  potential 


test  section.  For  large  models  residual  interferences  must, 
therefore,  be  taken  into  account.  Moreover,  an  estimate  of 
the  residual  interferences  is  not  simple.  In  principle,  the 
conventional  method  of  calculating  wall  interferences,  rep¬ 
resenting  the  model  by  singularities,  can  be  extended  to 
wind  tunnel  walls  that  obey  the  boundary  condition  (6.1). 
It  should  be  noted,  however,  that  EUi.(6.1)  is  a  simplified 
boundary  condition,  related  to  '*ideal  slotted  wall”  while 
the  boundary  condition  for  real  walls  is  more  complicated 
and  probably  nonlinear.  Thus,  using  Eq.(6.1)  introduces 
some  uncertainty  into  the  calculations. 

The  boundary  condition  for  “ideal  perforated  wall”  is 


dx  ^  dn 


=  0, 


(6.2) 


where  z  is  the  coordinate  in  the  streamwise  direction.  The 
porosity  parameter  P  depends  on  the  geometry  of  the  wall, 
notably  the  open  area  ratio,  and  on  the  local  flow  condition 
at  the  wall,  Ref.[6.4].  The  free  jet  boundary  is  represented 
hyP  =  oo  and  a  solid  wall  by  P  s  0.  Again,  since  only  one 
parameter  (P)  can  be  adjusted,  the  elimination  of  w^  in¬ 
terferences  is  only  partial.  Evaluation  of  wall  interferences 
based  on  Eq.(6.2)  is  unreliable;  a  true,  universal  boundary 
condition  for  perforated  walls  is  not  known. 

More  rigoroxis  methods  to  calculate  wall  interference, 
which  are  discussed  in  Section  6.2,  require  the  measure¬ 
ment  of  two  variables  over  a  control  surface  (two-variable 
method)  or  the  measurement  of  of  one  flow  variable  and  ad¬ 
ditional  model  data  (one- variable  method).  Either  method 
can  be  used  to  assess  the  residual  wall  interferences.  How¬ 
ever,  in  performing  the  required  measurements,  the  oper¬ 
ational  simplicity  -  a  great  advantage  of  the  passive  wall 
wind  tunnels  •  is  lost.  It  should  be  remembered  that,  due 
to  the  inhomogeneity  of  the  flow  near  a  slotted  or  perfo¬ 
rated  wall,  the  required  flow  variables  cannot  be  measured 
on  the  walls,  which  renders  the  assessment  of  residual  in¬ 
terferences  extremely  cumbersome. 

Other  disadvantages  of  slotted  and  perforated  test  sec¬ 
tion  walls  are: 

•  the  generation  of  aerodynamic  noise  and 

•  the  drive  power  is  increased  by  about  50%  compared 
with  a  solid  wall  wind  tunnel. 


where  n  is  the  coordinate  along  the  outward  normal  of  the 
wall  surface.  The  slot  parameter  K  depends  on  the  num¬ 
ber  of  slots  and  the  open  area  ratio.  The  free  jet  bound¬ 
ary  is  represented  hy  K  ^  Q  and  a  solid  wall  by  K  =  oo. 
Since  the  wall  interferences  have  opposite  signs  for  free  jet 
and  s^d  wall  test  sections,  it  is  obvious  that  they  can  be 
minimised  for  an  intermediate  value  of  K.  Precisely,  the 
wall  induced  upwash  (v^)  or  the  blockage  induced  velocity 
(«w)  at  the  modd  station  can  be  eliminated  by  a  proper 
choice  of  K.  Fortunately,  for  the  A-i^ue  that  eliminates 
the  upwash  interference  the  blockage  interference  becomes 
very  small.  Nevertheless,  since  only  one  parameter  (A) 
can  be  a4justed,  the  elimination  of  wall  interference  is  lim¬ 
ited  to  only  one  component  at  only  one  station  vrithin  the 


0.1.3  Adaptive  walls 

In  contrast  to  passive  (slotted  or  perforated)  walls, 
adaptive  walls  allow,  in  principle,  a  complete  elinunation 
of  wall  interferences  -  at  the  expense  of  a  more  or  less  com- 
piiciUed  and  time  consuming  adaptation  procedure. 

Fbr  the  case  where  the  wall  adaptation  is  achieved  by 
a  deformation  of  solid  walls,  the  procedure  is  still  relatively 
simple  as  the  required  flow  variable  on  a  control  surface 
can  be  gained  readily  by  OMasuring  the  wall  pressure  dis¬ 
tribution  and  the  wall  displacement. 

For  two-dimensional  flows  the  use  of  flexible  plates 
as  top  and  bottom  walls  offers  itself  as  a  simple  sedution. 
Three-dimensional  adaptation  of  solid  walls  is  not  easy  to 
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Table.  6.1  Summary  of  ^itreamlincd*  data;  NACA  0012-64  airfoil  in  the 
TSWT 


Reference 

Model 

Reference 

Model  Performance 

Residual  Interferencesf'l 

Wall  Loadings  | 

(Deg) 

Number 

(M.) 

Cl 

Co 

Cfgl 

a  Error 
(Deg) 

Camber  Error 
(Deg) 

Cp 

Error 

Et 

Efi 

t 

0.5 

0.4024 

0.0326 

-0.0126 

-0.0083 

0.0034 

-0  0081 

-0.0026 

0.0040 

0.0045 

2 

0.5 

0.4985 

0.0330 

-0.0127 

-0.0068 

0.013S 

0.0001 

0.0022 

0.0052 

0.0055 

3 

0.5 

0.6006 

0.0344 

-0.0124 

-0  0071 

00089 

-0.0092 

-0  0035 

0  0096 

0.0085 

4 

05 

0.7035 

0.0363 

-0.0117 

-0.0066 

0.0104 

0.0047 

-0-0019 

0.0034 

0.0040 

5 

0.5 

0.8052 

0.0444 

-0.0098 

-0.0073 

00014 

0.0071 

0.0026 

0.0038 

0.0034 

6 

20 

0.4040 

0.1577 

-0.0121 

-00359 

00059 

0.0049 

-0  0042 

0.0083 

00091 

7 

2.0 

0  5041 

0.1655 

-0.0122 

-00362 

00069 

0.0035 

-0.0066 

0.0088 

0.0082 

8 

2.0 

0.6047 

0  1688 

-00120 

-0  0352 

0.0094 

00124 

-0  0041 

0  0066 

00068 

9 

2.0 

0.7011 

0.1802 

-0.0U2 

-00336 

00020 

-0.0053 

-0.0018 

0  0047 

0.0044 

10 

2.0 

0  8040 

0  2128 

-0  0048 

-00394 

-0  0041 

00093 

-0  0066 

0  0085 

0  0077 

11 

4.0 

0.4010 

0.3392 

•0  0080 

-0  0766 

0  0078 

0  0083 

-0.0012 

0  0043 

0  0053 

12 

4.0 

0.5026 

0.3534 

-0.0088 

-00778 

0.0003 

0.0189 

-0.0034 

0  0076 

0  0076 

13 

40 

0  6022 

0.3719 

-0  0100 

-00778 

-0  0059 

0  0031 

-0  0035 

0.0068 

0  0078 

14 

4.0 

0.7019 

0.4333 

-0.0074 

-0  0829 

0  0026 

0.0022 

•0.0026 

0  0072 

0  0067 

15 

4,0 

0.8022 

0.3417 

00127 

-0  0613 

-0  0115 

-0.0227 

-0.0003 

0.0077 

0  0059 

16 

60 

0  4049 

0.5120 

0.0009 

-0  1138 

-0.0032 

0  0110 

•0  0049 

0.0066 

0.0049 

17 

60 

0.5054 

0.5323 

-0  0034 

•0  1140 

0.0064 

0  0230 

-0.0027 

00053 

0  0061 

18 

6.0 

0.6052 

0.5697 

•0.0003 

•0  1132 

■0  0003 

0.0209 

-0.0031 

0.0058 

0.0063 

19 

6.0 

0.6998 

0.6521 

0.0153 

-0  1309 

0  0112 

0.0307 

00027 

0,0042 

0  0061 

20 

60 

0  7981 

03851 

0.0379 

•0  0720 

•0  0047 

-0.0018 

•0  0044 

0  0047 

0  0050 

Note.  (1)  Res(dudMnterf«rence$ 

o  Error:*  Wdll*indu<ed  angle  of  incidence  at  the  aerofoil  leading  edge 

Camber  Error;*  Wall-induced  camber  over  the  aerofoil  chord 

Cp  Error;*  Streamwite  velocity  error  at  the  quarter  chord  point  of  the  aerofoil  expressed  as  an  error  in 

pressure  coefficient. 


Table.  6.2  Summary  of  *etraight  wall*  data;  NACA  0012-64  airfoil  in  the 
TSWT 


Reference 

Number 

Model 

Incidence 

(Deg) 

Reference 

Mach 

Number 

(M-) 

Model  Performance 

Residual  Interferences 

Wall  Loadings 

Cl 

Co 

Cm 

a  Error 
(Deg) 

Camber  Error 
(Deg) 

Cp 

Error 

E: 

Eb 

1 

0.5 

0,4079 

0.0372 

-0.0131 

-0  0093 

-0.0096 

-0-0533 

-0  0450 

0  0342 

0  0368 

2 

05 

0.5040 

0.0391 

-0,0130 

-0  0076 

-0  0080 

-0  0371 

-0  0493 

0  0372 

0  0371 

3 

0.5 

06001 

0.0387 

-0.0118 

-0  0072 

-0.0124 

-0,0378 

-00548 

0  0437 

0  0430 

4 

— 

2  0 

0.4067 

0.1851 

-0.0122 

-0.0442 

-0  1103 

-0  4125 

.0  0494 

0.0509 

0  0273 

5 

20 

0.5019 

0.1959 

•0.0117 

-0.0450 

-0  1150 

•0  4158 

-0  0480 

0  0522 

0  0282 

6 

2.0 

0.6064 

0.2070 

-0,0117 

-0.0454 

•0  1179 

-04384 

-0  0581 

OOS69 

0  0320 

7 

4.0 

04050 

0.4050 

-0.0076 

-0  0958 

•0.2692 

-0  9404 

■0.0555 

0  0760 

0  1710 

8 

40 

0.4986 

0.4334 

•0  0082 

-0  1030 

-02766 

•0  9849 

•0  0578 

0  0768 

0  0237 

9 

40 

06002 

0  4656 

-0  0086 

-0  1000 

-02981 

•1  0388 

-0  0681 

00856 

0  0264 

10 

40 

0.7046 

0.4541 

0.0202 

-0  0896 

-04360 

.1  0966 

■0  1219 

0  1251 

00676 

11 

60 

04044 

0604C 

0  0022 

•0  1395 

-04028 

•1  4520 

■0  0640 

0  1008 

0  0226 

12 

60 

0.5088 

06580 

-0  0031 

-0  1470 

•0  4385 

-1  5397 

•0  0692 

0.1066 

00249 

13 

60 

0.6121 

0  8327 

0  0177 

-0.1803 

•0  6008 

-1  9180 

-0  1070 

0  1482 

0  0374 

14 

60 

07092 

06725 

0  1334 

-0  2015 

-1,0695 

-1  7473 

-0  2929 

0  3038 

0.2105 
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M  it  require!  highly  dutic  material,  like  rubber* 
for  the  test  section  wells  or  a  complicated  construction  as 
for  the  octagonal  test  secticm  of  the  TU  Berlin. 

Finally*  the  use  of  test  sections  with  two  flexible  walls 
for  three-dimensional  flows  is  a  rampromise,  offering  a  very 
simple  operation  and  "clean”  solid  walls  at  the  expense  of  a 
somewhat  imperfoct  wall  adaptation.  Compared  with  pas¬ 
sive  wan  test  sections*  the  two-dimennonal  wall  adaptation 
is  by  far  superior  from  the  point  of  view  of  reduction  of  wall 
interferences*  since  both  the  downwash  and  blockage  inter¬ 
ferences  are  eliminated  on  a  line  rather  than  at  a  point.  The 
residual  interferences  are*  therefore*  less  severe.  Moreover, 
they  can  be  assessed  easier  and  more  accurately. 

Perfocmance  of  the  sdid  wall  test  sections  near  sonic 
and  supersonie  speeds  is  somewhat  less  satisfactory*  be¬ 
cause  of  high  sensitivity  of  flow  to  small  changes  of  geome¬ 
try  of  impermeable  boundaries.  Minot  imperfections  (wavi¬ 
ness)  of  the  walls  produce  large  disturbances  if  the  flow  ve¬ 
locity  is  close  to  or  above  sonic.  In  spite  of  the  feet  that 
the  near-sonic  r^ons  are  not  as  extensive  in  the  presence 
of  a  (large)  model  as  they  could  possibly  be  in  an  empty 
test  section*  the  adaptation  is  still  adversely  affected.  If  su¬ 
personic  pockets  extend  to  the  wall,  the  linear  adiq>tation 
procedure  may  feil.  Also*  in  supersonic  flow  the  absorption 
of  shock  waves  would  require  a  large  curvature  of  the  walls 
at  the  shock  position.  So  fer*  very  little  experience  has  been 
accumulated  with  wall  adaptation  in  supersonic  flows. 

For  adaptive  test  sections  utilising  suction  or  blowing 
through  ventilated  walls,  the  wall  adaptation  is  possible 
throughout  the  range  of  subsonic*  transonic,  and  supersonic 
speeds.  The  ventilated  adaptive  walls  share*  of  course*  the 
disadvantage  of  partially  open  walls.  The  inhomogeneity 
of  the  flow  neat  the  wall  necesritates  the  cumbersome  mea- 
surement  of  the  flow  variables  on  a  control  surface  inside 
the  flow. 

0.1.9  Concluding  remarks 

A  more  detailed  comparison  of  the  performance  of 
adaptive  walls  and  passive  walls  is  possible  when  the  flow 
quality  and  data  accuracy  reqmrements  are  specified.  In 
many  cases  a  conventional  (slotted  or  perforated)  wall  teat 
section  may  fulfil  the  requirements.  However*  in  order  to 
produce  interference  free  data,  a  passive  wall  test  section 
would  have  to  be  much  larger  and,  therefore,  much  costlier 
to  run  than  an  adaptive  one.  The  testing  time  of  adap¬ 
tive  wall  tunnels  can  be  reduced  •  by  using  rational  adap¬ 
tation  procedures  •  to  nearly  the  testing  times  of  conven¬ 
tional  tunnels  (see  Chapter  5).  If  this  is  indeed  the  case, 
then  the  adaptive  wall  tunnel  has  definite  advantages:  high 
flow  quality*  low  drive  power*  and  low  residual  interferences, 
which  can  easily  be  assessed. 

Although  the  adaptive  wall  wind  tunnel  was  intended, 
originally*  for  transonic  testing,  it  has  found  important  ap¬ 
plications  in  the  low  speed  range.  For  testing  of  automobiles 
in  adaptive  wall  test  sections  blockage  ratios  of  30%  are  ac¬ 
ceptable  whereas  in  conventional  test  sections  the  blockage 
ratio  is  limited  to  about  3%,  see  Section  3.3.2  and  Fig.3.11 
of  this  report  for  details. 

Neither  solid  walls  nor  slotted  walls  sire  suitable  for  a 
complete  absorption  of  shock  waves.  For  the  present*  there 
is  no  simple  substitute  for  the  perforated  wall  test  sections 
at  supersonic  speeds. 


6.3  Residual  interferences 

Because  of  a  finite  number  wall  contnd  devices 
(Jacks*  plenum  compartments),  number  of  instru¬ 

ment  readings  and  the  approximation  character  of  adapta¬ 
tion  algorithms*  the  unconflned  flow  conditions  are  not  ex¬ 
pected  to  be  precisely  attained  even  in  the  ^fully’  adapted 
stage*  RefB.[6.5]-[6.7].  The  quality  ci  wall  adaptation  can 
be  judged  hj: 

i)  ^bal  criteria*  such  as  the  mean  modulus  of  wall  load¬ 
ing  tot  flexible  walla*  or 

ii)  residual  interferences  at  representative  modd  loca¬ 
tions. 

The  discrete  values  of  wall  loading  at  the  pressure  ori¬ 
fice  locations  are  estimated  as  the  difference  of  the  interior 
(measured)  and  exterior  (computed)  pressure  coefficients 
at  the  pressure  orifice  locations.  Reridual  interference  can 
be  calculated  from  wall  loading  or  alternate  flow  variables 
along  control  surfaces  (interfaces)  at  or  near  test  section 
boundaries. 

Table  6.1  contains  typical  examples  oi  the  above  mea¬ 
sures  obtained  from  20  tests  on  section  NACA  0012-64  of 
4-indi  chord  in  the  Tkansonic  Sdf-streamlining  Wind  Tun¬ 
nel  (TSWT)  in  Southampton.  The  angles  of  attack  vary  up 
to  6  degrees  and  the  Mach  ntimbers  up  to  0.8;  the  flexible 
walls  are  subcritical  (Group  1  flow).  The  mean  moduli  of 
top  and  bottom  wall  loadings  are  denoted  by  the  symbols 
£t  ^d  Eb  respectivdy.  R^dual  interferences  are  calcu¬ 
lated  from  the  loadings  in  terms 

a)  angle  of  attack  error  at  the  wing  leading  edge, 

b)  induced  camber*  which  is  assumed  to  be  the  differ¬ 
ence  between  the  flow  angles  at  the  leading  and  trailing 
edges*  and 

c)  disturbance  to  free  stream  vdioeity  at  the  wing  quarter- 
chord*  converted  to  Cp. 

The  ^-values*  all  below  0.01*  may  be  compared  with 
those  in  Table  6.2,  which  refer  to  the  same  model  and  tun- 
nri  but  straight  walls*  and  range  between  about  0.02  and 
0.3.  In  soscae  straight-wall  cases  one  of  the  walls  was  super¬ 
critical*  but  not  ^tb*  as  without  streamlining  the  Mach 
auxnber  could  not  be  increased  any  further  (explanation  of 
ooissing  data  in  higher  Mach  number  range). 

Table  6.3  shows  data  taken  on  the  same  model  under 
conditions  where*  even  with  the  walls  streamlined,  both 
flexible  walls  are  supercritical  (Group  2  flow)  and  the  super¬ 
critical  sones,  at  some  test  conditions,  extend  substantial 
distances  into  the  imaginary  flowfields.  The  sample  of  the 
results  in  Table  6.3  is  one  of  the  first  ones  reported  for  this 
flow  regime  |6.6];  the  quality  of  streamlining  is  nevertheless 
good  up  to  about  M  —  0.95. 

A  more  detailed  assessment  of  wall  adaptation  can  be 
based  on  the  spatial  distribution  of  residual  interference  in 
the  ricinity  of  the  model.  Figure  6.1  refers  to  a  2D  air- 
f<^  test  in  the  TSWT  facility  with  straight  and  stream¬ 
lined  walls*  and  shows  wall-induced  velocity  perturbations 
several  chords  up-  and  down-stream,  evaluated  by  the  two- 
variable  method,  Ref.[6.9].  The  reduction  of  wall  effects 
achieved  by  streamlining  is  impressive.  In  this  context  the 
term  residual  infei^fsrence  is  certainly  appropriate. 

Similar  reduction  of  wall  interference  on  half-model 
tests*  achieved  by  2D  wall  adaptation  in  the  T2  and  TSWT 
facilities*  is  shown  in  Figs.4.22  and  4.25  respectively. 
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Tlible.  6.S  Summary  of  ^itreamlined^  data;  mixed  flow  in  imaginary 
flowflelde 


ORIGINAL  FLEXIBLE  WAUS  (SEPT.  1 984) 


Reference 

Nominal 

Model 

Incidence 

(Deg) 

Reference 

Model  Performance 

Wall  Loadings 

Number 

Mach  Number 

(MJ 

Cn 

Cc 

Cm 

Et 

Eb 

E.. 

1 

087 

4.0 

0.8658 

0.1 159 

0.0379 

0.0461 

0.0083 

0.0155 

0.0119 

2 

0.90 

4.0 

08997 

0.1761 

0.0535 

0.0185 

0.0155 

0  0117 

D.0136 

3<') 

0.90 

4.0 

0.9062 

0  1953 

0.0549 

0.0052 

0.0139 

0.0082 

0.0110 

4 

0.92 

4.0 

09257 

03987 

0.0785 

-0.1635 

0.0161 

0.0069 

0.0115 

5fi) 

0.92 

4.0 

0.9228 

0  3788 

0.0759 

-0.1420 

00120 

0.0055 

0.0087 

6 

0.94 

4.0 

0.9434 

0  3617 

0.0752 

-0  1388 

0.0190 

0.0172 

0.0181 

7(1) 

0.94 

4.0 

0.9417 

•0  3815 

00759 

-0.1511 

00136 

0  0123 

00129 

8(1} 

0.95 

4.0 

0.9543 

0  3882 

00777 

-0.1640 

0.0152 

0.0129 

0  0140 

9(1) 

096 

4.0 

0.9638 

0.3617 

0.0740 

-0.1387 

0  0170 

0.0170 

0.0170 

10(1) 

0.97 

40 

0.9721 

0  3828 

0.0761 

-0.1630 

0  0166 

00153 

0.0159 

Note:  (1)  The  effective  aerodynamic  contour  used  in  the  imaginary  ftowfield  computations  includes  an  allowance  for  the 
variations  of  6*  caused  by  the  presence  of  the  model . 
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Fig.  6.1  Wall'induccd  velocity  pertttfbatlons  at  tunnel  centreline,  evalu¬ 
ated  by  two-variable  method  for  NACA  0012-64  airfoil  in  the  TSWT,  M  —  0.60, 
a  =  4.0®. 


6.2.1  Linear  flow 

The  procedure*  for  the  evaluation  of  reeidual  wall  in¬ 
terference  in  Group  1  flows  are  essentially  the  same  as 
those  used  for  assessing  the  corrections  in  conventional, 
non-adaptive  wind  tunnels  [6.10].  The  present  review  is 
a  shorter  version  of  that  given  an  Ilef.[0.11]. 

Depending  upon  the  number  of  flow  variables  utilised, 
we  speak  ol  one-  or  two-voriohle  methods  [6.12];  in  two 
dimensions  also  of  Schworg-  or  Canchy-t$pe  methods  |6.13j. 


The  one-variable  methods  use  the  measured  static 
pressure  distribution  at  the  test  section  boundary  and  sup¬ 
plement  it  with  the  far  field  representation  of  the  model, 
estimated  from  its  geometry  and  measured  forces. 

The  two-variable  methods  use  measurements  of  static 
pressure  and  normal  velocity  at  the  test  section  boundary, 
but  do  not  require  any  model  representation.  This  is  clearly 
of  an  advantage  for  adaptive  wall  test  sections,  which  are 
often  relativdy  small  with  respect  to  the  test  modd,  and 
for  the  variety  of  complex  fiows  commonly  encountered  in 
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wind  tunnd  testing.  For  test  sections  with  flexible  wells 
the  nonnel  component  of  Telocity  is  pTen  by  the  shape 
of  the  wall,  adjusted  for  the  boundary-layer  displacement 
thickness.  For  rentilated  test  section  walls  the  flow  direc¬ 
tion  can  be  measured  by  the  Calspan  Pipes,  Laser  Doppler 
Velodmetry,  or  other  appropriate  techniques. 

The  interface  duconfinutty  method,  also  described,  is 
a  *geniatte*  reridual  interference  assessment  technique.  It  is 
specifie  to  adaptive  wall  wind  tunnds,  where  the  computa¬ 
tion  results  foe  the  flctitious  flow  in  the  exterior  of  the  test 
section  are  provided. 

Since  the  adaptive  walls  introduce  only  minor  distur¬ 
bances  to  the  unconfined  far  field  of  the  test  model,  the 
linearisation  of  the  potential  equation  near  the  walls  is  ap¬ 
plicable  as  long  as  the  flow  remains  suberitieal  there. 

The  governing  equation  for  the  disturbance  velocity 
potential  is 


^  ax''*'  dy>'^  ax' 


(6.S) 


where  0  s  Vl  —  hi*  and  hi  <  \  \%  the  stream  Mach  num¬ 
ber.  For  simplicity,  the  disturbance  velocity  potential  d  fe 
normalised  by  stream  velodty. 

The  scaling  of  the  streamwise  coordinate. 


rednees  Eq.(6.3)  to  Laplace's  equation,  ~ 

The  linear  flow  re^on  where  d  satisfies  Eq.(6.3)  is 
shown  schematically  in  Fig.6.2a.  It  excludes  the  volume 
occupied  by  the  test  model,  its  viscous  and  transonic  flow 
regions,  and  the  wind  tunnel  exterior,  where  no  real  flow  ex¬ 
ists.  The  outer  bounding  surface,  enclosing  the  test  model, 
is  expected  to  lie  entirely  within  the  linear  flow  re|pon,  off 
the  viscous  or  nonisentropic  flow  at  the  walls. 

Using  the  principle  cf  linear  superporition,  the  distur¬ 
bance  velocity  potential  is  split  as  [6.14] 

0  (6.5) 

where  is  that  due  to  the  model  in  free  air  and  is 
that  due  to  wall  interference. 

The  model  potential,  satisfies  Eq.(6.3)  in  the  in¬ 
finite  space  outside  the  model  and  the  acOacent  nonlinear 
flow  re^ons,  Fig.6.2b. 

The  wall  interference  potential,  is  assumed  to  sat¬ 
isfy  Eq.(6.3)  in  the  entire  test  section  interior,  including 
the  model  and  its  nonlinear  flow  regioxis,  as  indicated  in 
Fig.6.2c. 

This  assignment  of  the  singular  and  nonsingular  parts 
as  the  effects  of  the  model  and  the  walls  respectively  is  con¬ 
sistent  with  the  concept  of  Green's  function  for  the  Laplace 
operator.  Accordingly,  it  is  rigorous  for  an  infinitesimal 
model,  but  only  approximate  Cor  a  finite-sise  model.  The 
conrideration  of  the  coupled  nature  of  interference  between 
the  walls  and  the  finite-sise  model  indicates  that  the  wall 
interference  potential  may  also  have  singularities  inside  the 
model. 

The  derivatives  of  are  interpreted  as  disturbances 
to  stream  velocity  components.  They  are  usually  evalu- 
eted  at  the  modd  reference  station  or  as  averages  over  the 
model  and  interpreted  as  global  correction*  to  stream  Mach 
number  [6.16] 

=  +  (0.8) 
•ad  to  flow  uiglai  (ia  ladiaat) 

=  ^  xxA  Aa.  =  ^.  (6.7) 


Fig.  6.3  Linear  regions  for  Group  1  flows 

(from  [6.11]). 


From  the  spatial  variations  of  these  corrections  over  the 
model  additional  streamline  curvature  and  buoyancy  effects 
on  model  force  data  can  be  determined. 

The  evaluation  of  the  local  correction*  to  modri  sur¬ 
face  pressure  coefficient  or  Mach  number  is  an  approach 
more  rigorous,  but  of  course  less  practical  from  the  point  of 
view  of  the  interpretation  of  the  wind  tunnel  data  in  terms 
of  &ee  flight  conditions.  Unlike  the  conventional,  passive 
walls,  the  adaptive  walls  can  in  principle  be  adjusted  to 
minimixe  the  wall  induced  vdodty  gradients  to  render  the 
test  data  correctable  in  terms  of  the  global  corrections  to 
stream  parameters  even  in  very  extreme  conditions  (large 
modris  with  respect  to  the  test  section  sise,  high-angle-of- 
atiack  tests,  etc.). 

In  connection  with  adaptive  wall  wind  tunnels,  another 
type  of  the  disturbance  velocity  potential  it  of  importance: 
that  corresponding  to  the  'fictitious'  flow  outside  th^wind 
tunnel.  The  potential,  denoted  here  by  the  symbol  sat¬ 
isfies  £q.(6.3)  in  the  exterior  of  the  outer  bounding  surface, 
Fig.6.2d.  The  surface,  separating  the  real  wind  ttmnel  flow 
and  the  computed  exterior  flow  ia  often  termed  the  inter- 
face.  The  aim  of  adaptation  is  to  adjust  the  walls  in  such  a 
way  that  ^  and  ^  constitute  a  single  potential  contin- 
uons  at  the  interface.  For  an  imperfect  adaptation,  there  is 
a  direct  relatioinship  between  ^  and  the  difference  ^  ^ 

at  the  intcrfece. 
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One«variable  method 

The  method,  due  to  CapeUer,  ChevaUier  and  Bouniol 
[6.16],  it  the  most  popular  technique  lor  pott-tesi  assess* 
ment  of  subsonic  wall  interference  in  wind  tunnels  with 
perforated  walls.  It  retains  the  essential  features  of  the 
classical  wall  interference  approach  [6.14],  but  replaces  the 
idealised  wind  tunnel  boundary  conditions  (6.1)  and  (6.2) 
by  the  linearised  '^pressure”  boundary  condition 


(6.8) 


where  C,  is  the  measured  boundary  pressure  coefficient. 
The  control  surface  along  which  the  pressure  is  measured 
is  required  to  be  some  distance  away  from  the  walls,  where 
the  disturbcmces  from  the  individual  holes  (perforations) 
are  sufficiently  smeared  out. 

The  axial  component  of  wall  interference  velocity, 


a  smaller  cross'section  than  the  conventional  ones,  so  that 
the  representation  of  flow  near  the  walls  as  a  model  far  field 
may  still  be  inaccurate. 

Another  source  of  inaccuracy,  which  is  common  to  all 
residual  interference  methods  based  on  boundary  measure¬ 
ments,  is  the  finite  length  of  the  test  section  and  sparseness 
of  the  experimental  pressme  data.  The  boundary  values  of 
ttv  have  to  be  interpolated  or  extrapolated  over  a  complete 
boundary  (dosed  or  infinite),  in  order  to  make  the  Dirichlet 
problem  soluble.  The  adaptive  test  sections,  which  are  typ¬ 
ically  longer  than  the  conventional  ones,  will  have  a  slight 
advantage  in  this  regard. 

The  method  can  be  used  to  monitor  the  reduction  of 
wall  interference  corrections  in  the  course  of  adaptation, 
but  can  also  be  incorporated  into  the  adaptation  algorithm 
[6.29].  The  necessary  condition  for  flow  to  be  interference- 
free  (unconfined)  is  that  the  boundary  values  of  vanish: 

Uu  =  0  on  5.  (8-14) 


u  —  /g  Compensation  for  errors  of  the  reference  velocity  or 

*  dz  ’  pressure  [6.16],  also  called  the  autocorrective  property  [6.24] 

or  autoeonvergence  [6.30],  is  an  important  feature  of  the 
.affaring  .n«d«  the  test  .eefon  Uneuieatiou  <md 

^  stated  as  follows:  if  the  error  of  the  (upstream) 
dz^  ~  (6.10)  reference  velodty  U  is  6U^  then  the  perturbation  velocities 

^  measured  on  the  boundary  will  be  offset  by  —6U .  Since 

••  obteined  from  the  correeponding  boimdar,  yJue.  «  solution  of  £<,.(6.10),  the  in- 

cremental  correction,  being  of  equal  magnitude  but  oppo- 
1  y*,  y  V  reference  velocity  error,  restores  U  as  the 

“*■  ”  '~2^P  ^  (6.11)  reference  velodty. 

Besides  compensating  for  genuine  reference  velodty  er¬ 
as  a  solution  of  the  interior  UtricA/ef  pro6/cm.  The  trans-  autocorrective  prindple  also  establishes  the  corre- 

verse  velodty  components,  spondence  between  U  based  on  plenum  pressure  and  actual 

stream  vdodty  in  ventilated  test  sections. 

=  ^  «.d  =  («.12) 

^  Two-variable  method 


can  be  obtained  from  u«  by  integrating  the  irrotational- 
flow  conditions 


'dT 


(6.13) 


along  a  path  from  the  upstream  end  of  the  test  section. 

The  Dirichlet  problem  for  Laplace's  equation  is  one  of 
the  best  explored  problems  in  mathematical  physics  and 
there  are  a  large  number  of  methods  available  to  solve  it 
numerically.  A  natural  approach  is  to  solve  the  problem 
in  terms  of  the  double  layer  potential  [6.17],  leading  to 
a  doublet  panel  method  [6.18].  For  simpler  geometries, 
closed  form  solutions  are  obtainable  using  integral  trans¬ 
forms  [6.16]  or  the  Fourier  method  [6.19]-[6.2l]. 

The  complex-variable  treatment  [6.16]  of  the  2D  prob¬ 
lem  leads,  as  pointed  out  in  Ref.[6.13],  to  the  Schwarz  proi- 
fern,  consisting  of  determining  an  analytic  function  inside  a 
domain  from  its  defined  real  part  on  the  boundary.  Theory 
[6.22]  shows  that  the  integration  of  Cauchy-Riemann  equa¬ 
tions  (irrotational-flow  conditions)  introduces  an  unknown 
imaginary  constant  that  needs  to  be  specified  in  order  to 
make  the  solution  unique  (spedfleation  of  the  upstream  flow 
«aglc). 

The  accuracy  of  the  one-variable  method  depends 
greatly  on  the  accuracy  with  which  the  free  air  potential 

can  be  predicted  on  the  control  surfaces  [6.23], [6. 24]. 
Details  of  a  transonic  model  representation  for  2D  tests  are 
described  in  Re£i.[6.25]-[6.28].  Since  the  far  field  of  is 
normally  evaluated  using  the  measured  model  data  subject 
to  wall  interference,  the  prediction  tends  to  be  more  exact 
near  a  fully  adapted  stage.  However,  when  compared  to  the 
site  of  the  model,  the  adaptive  wind  tunnels  have  typiciUy 


Measurement  of  the  static  pressure  and  normal  velocity 
distributions  along  the  control  surface,  which  is  prerequisite 
for  wall  adaptation,  opens  the  possibility  of  evaluating  sub¬ 
sonic  wall  interference  without  model  representation.  Inci¬ 
dentally,  this  feature  also  allows  to  account  for  the  presence 
of  the  strut/support  system,  but  only  as  far  as  the  indirect, 
wall  induced  effect  on  the  model  is  concerned.  The  direct 
strut/support  effect  on  the  model  cannot  be  extracted  from 
the  far  field  measurements  only. 

The  two- variable  method  is  most  easily  applied  to  solid 
wall  test  sections  where  the  walls  or,  more  accurately,  their 
boundary-layer  displaced  stream  surfaces  can  serve  as  con¬ 
trol  surfaces.  The  first  successful  evaluation  of  the  2-D 
interference  flow  field  from  two  flow  variables  measured  at 
the  control  surface  was  reported  by  Lo  [6.31].  Both  numer¬ 
ical  demonstration  and  experimental  verification  are  given 
in  the  same  paper.  The  method  uses  the  Fourier  transform 
solution  [6.32]  for  linearised  subsonic  flow  past  a  nonlifting 
airfoil.  A  more  straightforward  Cauchy's  integral  approach 
to  the  two-variable  method  was  subsequently  described  by 
Kraft  and  Dahm  [6.33],  Smith  [6.13],  and  Amecke  [6.34]. 
An  extension  to  S-D  flows,  based  on  Green's  theorem,  is 
due  to  AshiU  and  Weeks  [6.9). 

To  describe  the  method,  we  introduce  the  position  vec¬ 
tors  of  an  interior  point  and  a  boundary  point, 

•■»  =  (*i.V0i»o)  and  r  =  (*',,,»).  (6.18) 

Further,  denote  by 
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the  fundaxQental  solution  (unit-strength  source),  satisfying 

V*G(ro.r)  =  tf(ro-r).  (8.17) 

where  6  is  the  3D  Dirac  ddta  function. 

Greenes  second  identity  pres  for  a  function  har¬ 
monic  in  the  test  section  interior 

0.(r.)  = 

and  for  a  function  ^nt  harmonic  in  the  test  section  exterior 

The  differential  and  integral  operations  are  taken  with  re¬ 
spect  to  the  unaubscripted  coordinates;  5  is  the  control  sur¬ 
face  (interface)  enclosing  the  test  section  interior,  and  d/dn 
is  the  derivative  along  the  outward  normal  with  respect  to 
the  test  section  interior.  As  indicated  in  Fig.d.2,  ^d 
are  identified  as  the  velocity  disturbance  potentials  due 
to  the  model  and  walls  respectively. 

Adding  the  above  formulae  and  eliminating  &om 
£q.(6.S),  we  obtain  the  correction  formula  of  Ashill  and 
Weeks  [fi.O]; 

<>,(ro)  =  («18) 

It  expresses  the  interior  value  of  the  wall  interference  po¬ 
tential  in  terms  of  the  boundary  values  of  the  (total)  dis¬ 
turbance  velodiy  potential. 

Physically,  integral  (8.18)  can  be  iaterpieted  as  a  sur¬ 
face  distribution  of  doublets 


^^(r)  =  - 


The  corresponding  increment  of  the  wall  interference 
potential  is  obtained  by  substitution  ^  in  E^.(8.18). 
Transforming  the  surface  integral  into  the  vcdume  integral 
by  Green*s  second  identity,  luing  Eq.(8.17)  and  the  fact 
that  satisfies  Laplace’s  equation  in  the  entire  test  section 
volume  V,  it  follows 


j I ^^[f«(r)V>G(ro,r)  -  G(r„,r)V»i^(r)] 
i^ro), 


dV 


which  was  to  be  proved. 

Taking  in  Eq.(6.18)  the  limit  as  Tq  becomes  a  point  of 
a  smooth  surface  element,  we  obtain 


+  '  C(r„r)?^]dS.  r.  6  5. 

(6.20) 

The  integral  is  to  be  interpreted  as  a  principal  value  in  the 
sense  that  a  small  eircidar  neighbourhood  of  the  (singular) 
point  ro  is  removed  from  the  surface  S  for  the  doublet  in- 
t^ral;  its  contribution  has  already  been  accounted  for  by 
the  isolated  term  |^(ro).  There  is  no  ambiguity  concerning 
the  source  integral,  as  the  contribution  of  a  small  circular 
element  around  the  point  r®  is  zero. 


The  3D  single-step  convergence  formula  [6.36]  is  ob¬ 
tained  by  substituting  of  Eq.(6.20)  in  Eq.(6.5): 


— with  the  density 
cbj 

and  a  surface  distribution  of  sources 
G(ro,r)  sritb  the  density 


^(r) 

dn 


The  normal  component  of  disturbance  velocity  d^f&n 
can  be  measured  directly.  The  potential  on  the  other 
hand,  is  evaluated  by  the  stxeamwise  integration  of  the  mea¬ 
sured  pressure  coefficient,  Eq.(6.8). 

As  indicated  in  ilef.[Q.35],  for  a  cylindrical  test  section 
(walls  parallel  to  the  e-axis),  an  integration  by  parts  in 
Eq.(8.l8)  converts  the  surface  distribution  of  doublets  into 
a  surface  distribution  of  horseshoe  vortices 


nfro,r)  =  (8.19) 

with  the  density 


a^(r) 

dz> 


that  can  be  measured  directly.  The  isolated  integration 
terms  vanish  by  the  virtue  of 


n(ro,r)  0  as  *'  -»  oo 


and  assuming 


d(r)  — *  0  as  x'  -*  — oo. 


-  -G(n,r)^-^]dS,r.eS. 

(8.21) 

This  formula  determines  the  boundary  value  of  the  free 
air  potential,  &om  the  measured  boundary  values  of 
^  and  d^{dn.  Provided  that  the  differences  between  the 
boundary  values  of  ^  and  are  small,  it  may  be  possible 
to  achieve  ^  =  ^n»  in  a  single  adjustment  of  the  walls. 

Alternative  formulations  of  the  correction  method 
based  on  Green’s  theorem  are  given  in  Re£B.[6.37]  and 
(8.38j,  comparisons  and  accuracy  aspects  are  discussed  in 
Ref.(6.39].  Model  representation,  as  shown  above,  is  no 
longer  required,  but  the  sparseness  of  boundary  data  and 
incomplete  test  section  boundary  remrin  as  a  major  source 
of  inaccuracy. 

The  specification  of  inferference'/ree  condiltoni  in  the 
two-variable  method  is  straightforward.  Setting  =  0  in 
Eq.(6.20)  or  in  Eq.(6.21),  we  obtain 


^^(r.)=-  jf[m 


gG(ro,r) 
dn 


G{ro.r)^lrfS, 


r®  €  S. 

(6.22) 

which  interrelates  the  values  of  ^  and  d^Jdn  on  the  bound- 
ing  surface  of  an  adapted  test  section. 


The  2D  verrions  of  the  above  formulae  are  obtained  by 
substituting 


The  auloeorreciiee  property  applies  {6.24]  and  is  easy  to 
verify.  Denoting  once  again  by  6U  the  error  of  the  reference 
vdodty,  the  boundary  values  of  the  disturbance  velocity 
potential  ^  will  be  subject  to  the  (systematic)  error 


r»  =  {»c,»»),  r  =  (»',»),  C(ro,r)  =  — In|r, -r|, 
ud  rcplkdsg  the  eaHhce  integral*  by  contour  integrals. 
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More  readiij  applicable  results  are  obtained  using 
Cauchy’s  integral  formula  but,  of  course,  both  Green  snd 
Cauchy  fbrmxtlations  are  equivalent.  To  illustrate  the  latter 
approach,  we  introduce  the  complex  coordinate 

s  =  «*  +  xy  =  §  +  *!/  (6.23) 

P 

and  the  complex  disturbance  velocity 
w(z)  =  pu{x,y)-iv{z,y)  =  0^{x,y)-i^[x,y).  (6.24) 


In  accordance  with  Eq.(6.S),  the  complex  disturbance  ve¬ 
locity  is  decomposed  as 


w(s)  =  w«(r)  +  (6.25) 


where  tCw  is  analytic  in  the  test  section  interior  and  lOm  is 
analytic  in  the  test  section  exterior.  Applying  the  Cauchy 
integral  formula  to  a  counterclockwise  oriented  contour  C, 
we  obtain  for  an  interior  point  so 


and 


Z-Zq 


0  = 


2  —  ro 


Adding  the  integrals  and  eliminating  Wm  from  E^.(6.25), 
we  obtain  the  correction  formula  of  Smith  (6.13): 


expressing  the  wall  interference  velocity  in  terms  of  boimd- 
ary  values  of  the  (total)  disturbance  velocity. 

Using  Eq.(6.24),  the  components  of  the  wall  interfer¬ 
ence  velocity  are  obtained  as: 


«»(*<!, 3/o)  =  ^Re{w*i(ro)}i 
«•(*«, yo)  *  -'Iiii{ww(ro)}- 


(6.27) 


An  example  of  wall  pressures  and  deflections  from  the 
tests  of  the  9-m  chord  CAST  W-2/BOA  2  airfc^ 

in  the  13-in  by  13-in  flexible-wall  test  section  of  the  of 
the  Langley  Transonic  Cryogenic  Wind  Tunnel  (TCT)  is 
shown  in  Fig.6.3.  The  wall  pressure  distribution  at  the 
stream  Mach  number  of  0.700  is  well  below  the  critical  value 
(Cp*  =  —0.779).  The  downstream  end  of  the  integration 
contour  was  placed  so  as  to  eliminate  the  three  most  down¬ 
stream  pressure  points  which,  because  of  diffuser  influence, 
diverge  from  the  undisturbed  flow  level.  The  distribution 
of  residual  corrections  along  the  wind  tunnel  axis,  evalu¬ 
ated  by  iihe  two-variable  method,  is  shown  by  solid  lines  in 
Fig.6.4.  The  flow  tn  the  test  section  is  not  interference  free, 
but  considering  the  sise  of  the  model  with  respect  to  the 
test  section,  the  corrections  are  certainly  small. 

The  broken  lines  in  Fig.6.4  are  the  corrections  corre¬ 
sponding  to  the  stream  Mach  number  arbitrarily  decreased 
from  0.700  to  0.695.  The  input  pressure  coefficients  in 
Fig.6.3  were  adjusted  accordi^y.  We  note  that  the  re¬ 
sultant  Mach  number  correction  curve,  corresponding  to 
M  —  0.695  is  displaced  approximately  by  0.005  in  the  posi¬ 
tive  direction,  confirming  the  validity  of  the  autocorrective 
principle.  The  angle  of  attack  correction,  as  expected,  is 
not  greatly  affected  by  the  change  of  the  reference  Mach 
number. 


o 


X  (in) 


Fig.  6.3  Wall  pressure  coefficients  and  de¬ 
flections;  0-In  chord  CAST  10  airfoil  in  the  13-In  x 
13-lfi  test  section  of  NASA  TCT,  Jlf  =  0.70,  a  = 

Cs  =  0.50,  Rce  =  30  X  10®. 
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Fig.  8.4  Residual  eorrectioiu  along  tost  sec¬ 
tion  axle,  eraluated  two-variable  method  from 
data  of  Fig.S.S. 
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The  two'Tsriable  eonection  method  ii  alao  applica¬ 
ble  to  teat  data  from  adaptire  teat  aectiona  with  venti¬ 
lated  walla,  provided  that  the  two  componenta  of  veloc¬ 
ity  on  a  control  auriace  are  known.  For  example,  in  the 
NASA/Amea  Research  Center  2  x  2  ft  wind  tunnel  a  faat- 
■canning  laser  velodmeter  ia  used  to  meaaure  two  compo¬ 
nents  of  flow  velocity  along  a  rectangular  contour  surround¬ 
ing  the  model.  Wall  a^luatmenta  are  determined  from  an  in¬ 
fluence  matrix  that  describes  the  effect  of  pressure  changes 
in  plenum  compartments  on  the  velocities  along  the  con¬ 
tour. 

Again,  the  wall  adaptation  procedure  was  found  to  re¬ 
duce  wall  interference  significantly,  but  not  below  the  levels 
that  could  be  ignored  [6.41].  Data  for  the  test  case  of  a 
NACA  0012  airfoil  at  Af  =  0.7,  a  =  2**  are  presented  in 
Fig8.6.5-6.7.  Figure  6.5  compares  the  measured  and  theo¬ 
retical  streamwise  velocity  distributions  along  the  centred 
contour  1.5  chords  above  and  below  the  tunnel  centerline, 
before  and  after  the  walla  were  adjusted.  The  wail  adjust¬ 
ments  dramatically  reduce  differences  between  theory  and 
experiment.  Figure  6.6  is  a  similar  comparison  of  normal 
velocities.  The  residual  corrections  along  the  tunnd  cen¬ 
terline,  evaluated  using  a  linear  two-Taris.ble  method,  are 
shown  in  Fig.6.7.  Although  the  wall  adjustment  essentially 
eliminated  blockage  interference,  the  residual  angle  of  at¬ 
tack  correction  remuned  large. 

More  detailed  two-variable  correction  formulae  for  2D 
testing,  together  with  evaluated  residual  interferences  for 
the  adaptive  wall  facilities  T2  of  ONERA/CERT  and  TU 
Berlin  can  be  found  in  Ref.[6.34]. 


The  Cauchy-type  integral  (6.26)  can  be  written  u 


t£>, 


«7(^) 

2w(ro  -  z) 


+ 


Ij,, 

2ir(ro  “  ^)J 


(6.28) 


where  ds  =  \dz\  is  the  counterclockwise  oriented  contour 
length  element.  In  this  form  it  represents  a  line  distribution 
of  vortices  with  the  density 


7(l)  =  Re|<o(z)j^|  =  „(z)  (6.29) 

and  a  line  distribution  of  sources  with  the  density 

ff(z)  = (8.30) 

where  qt  is  the  tangential  component  of  disturbance  velocity 
(positive  in  the  counterclockwise  direction)  and  is  the 
normal  component  of  disturbance  velocity  (positive  in  the 
direction  of  the  outward  normal). 

Correction  formula  (6.26)  is  closely  related  to  wall 
adaptation  criteria  for  2D  testing.  In  the  limiting  process 
as  So  becomes  a  point  on  a  smooth  segment  of  the  contour 
C,  we  obtain 


Setting  Ww  =  0  in  Eq.(6.31)  or  Wf^  =  10  in  Eq.(6.32), 
we  obtain  the  mtef/erenee-/ive  eondtfton 

iw(z,)  =  f  *0  €  C  (6.33) 

2  2irt  z  —  Zii 

in  terms  of  the  complex  disturbance  velocity  on  the  bound¬ 
ary.  The  factor  |  was  left  uncancelled,  to  emphasize  the 
connection  with  the  3D  condition,  Eq.(6.22). 

Considering  straight  line  boundaries  at  y  =  we 
obtain  in  terms  of  disturbance  velocity  components 


h.  1 

J-oc  *  -  *0 

(6.34a) 

r 

(6.346) 

/_«,  »-io 

‘compressible-flow’ 

versions  of  Hilbert’s 

tr&nzforzns, 

introduced  by  Sears  [6.5]  as  functional  relationships  be¬ 
tween  two  velocity  components,  define  unconfined  flow  in  a 
2D  test  section.  We  may  note  that  in  this  particular  case 
the  upper  and  lower  botmdary  values  are  independent  of 
one  another  (decoupling  of  infinite  exterior  regions).  It  is 
also  important  to  remember  that  Eqs.(6.34)  constitute  a 
transform  pair,  so  that  the  enforcement  of  either  one  en¬ 
sures  interfisrence-fiee  flow. 


Interface  discontinuity  method 

This  residual  interference  method,  utilizing  computa¬ 
tions  of  the  fictitious  flow  in  the  test  section  exterior,  is  a 
version  of  the  two-variable  method, 

The  general  idea,  as  proposed  by  Sears  and  Erickson 
[6.42]  is  essentially  this:  the  flow  field  is  considered  to  con¬ 
sist  of  an  experimental  inner  region  joined  at  an  interface 
to  a  computed  outer  region.  If  the  computed  outer  flow 
satisfies  the  unconfined  flow  conditions  and  matches  along 
the  interface  the  inner  flow,  then  the  combined  flow  field  is 
continuous,  representing  unconfined  flow  around  the  model. 
The  matching  error,  or  discontinuity,  provides  a  measure  of 
the  residual  interference.  It  can  be  quantified  by  removing 
the  discontinuity  by  a  surface  distribution  of  singularities. 
These  singularities  do  not  influence  the  far  field  in  the  outer 
region,  but  do  introduce  velocity  perturbations  at  the  po¬ 
sition  of  the  test  model,  which  then  can  be  interpreted  as 
the  usual  wall  interference  corrections. 

As  for  the  two-component  method,  Green’s  theorem 
will  give  us  a  guidance  to  the  appropriate  singularities  and 
their  densities.  ^ 

Considering  the  disturbance  velocity  potential  d  of  the 
fictitious  flow  in  the  exterior  region,  satisfying  the  far  field 
boundary  condition 

V^r)  -*0  as  jr]  -*  00, 


Ww(zo)  =  ^w(zo)  +  f  dz,  Zo  €  C,  (6.31) 

2  27rt  z  ~  zq 

where  the  (singular)  integral  is  to  be  interpreted  as 
Cauchy’s  principal  value. 

Substituting  Eq.(6.31)  in  (6.25),  we  find  the  2D  sinyfe- 
jlcp  eofiveryence  formula 

Wm(*«)  =  ill>(z»)  -  ^  ^ 

which  determines  the  boundary  value  Wm  of  the  complex 
disturbaaee  velocity  due  to  the  model  in  free  air,  in  terms 
of  the  measured  values  w.  The  special  case  of  straight  line 
boundaries  can  be  found  in  Refji.[6.32]  and  [6.33]. 


then  for  an  interior  point  rs  it  follows 

Subtracting  it  from  Eq.(0.18),  we  obtain  the  interior  value 
of  the  wall  interference  potential  in  terms  of  the  differences 
of  the  interior  and  exterior  flow  potentials  and  their  normal 
derivatives  along  the  interface: 

^.(r.)  ■=  JJ  { [^(r)  -  ?(r)] 

''■'®  _  (6.35) 


INITIAL 


i/e«1A 


RNAL 


Fig.  6.5  Measured  and  theoretical  streamwiae  velocity  distributions, 
NACA  0012  airfoil  in  the  NASA/ ARC  2  x  2  ft  wind  tunnel,  M  =  0.70,  a  =  2**, 
Rec  =  2x  10*  (from  [6.41]). 


Fig.  6.6  Measured  and  theoretical  normal  velocity  distributions,  NACA 
0012  airfoil  in  the  NASA/ARC  2  x  2  ft  wind  tunnel,  M  =  0.70,  o  -  2*^,  Rec  = 
2  X  10«  (from  [6.41]). 


Fig.  0.7  Residual  corrections  along  test  section  azb,  evaluated  by  two- 
variable  method  from  data  of  Figs.  0.5  and  0.0  (trom  [6.41]). 
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Physically,  integral  (6.35)  can  be  interpreted  as  a  sur¬ 
face  distribution  of  doublets 

density  [^(r)  — 
and  a  surface  distribution  of  sources 
G(ro,r)  with  the  density  _ 

on  on  ‘ 


Subtracting  it  from  Eq.(6.26),  we  obtain 

.  1  /  u>(z)  -  «>(«) 

2irt  Jc  z  -  zo 


dz. 


(6.41) 


If  the  normal  component  of  disturbance  velocity  is  con¬ 
tinuous  across  the  interface, 


5»(^)  =  9n(*),  I  e  c, 


(6.42) 


The  potential  ^  is  obtained  by  solving  an  exterior  flow 
problem  (CFD),  but  i*  obtained  by  a  simple  surface  inte¬ 
gration,  as  in  the  two-variable  method.  The  autocorrective 
property  again  applies 

The  exterior  flow  can  be  calculated  as  a  solution  of  a 
Neumann  problem,  satisfying  the  boundary  condition 


Oi{r)  ^  fl^(r) 

&n  dn 


(6.36) 


where  d^{r)/&n  is  the  normal  component  of  disturbance 
velocity  on  the  interface.  For  the  solid  wall  boundary,  it 
is  equal  and  opposite  to  the  normal  component  of  the  free 
stream  velocity.  Integral  (6.35)  then  reduces  to  the  distri¬ 
bution  of  doublets. 


«-(ro)  =  J l^[<t‘(T)  -  «(r)]  (6.37) 


For  a  cylindrical  interface,  the  integration  by  parts  in 
the  Btreamwise  direction  yields 

y y  [C,(r)  -  C,(r)]n(r.,r)d5,  (6.38) 

where  the  term  in  square  brackets  is  the  discontinuity  of 
the  pressure  coeffldent  across  the  bounds  ry  and  H  is  the 
vortex  singularity,  Eq.(6.19).  Equation  (6.38)  shows  that 
in  this  case  wall  interference  is  defined  by  the  loading  of  the 
walU  [6.43|. 

Alternatively,  the  exterior  flow  can  be  calculated  as 
a  solution  of  a  Dirichlet  problem,  satisfying  the  boxmdary 
condition 

^r)  =  ^(r),  r  6  5.  (6.39) 

so  that  integral  (6.35)  reduces  to  the  distribution  of  sources, 

^-(ro)  =  -  yy  -  ?^]G(ro,r)<J5.  (6.40) 

This  approach  has  recently  been  described  in  Ref  [6.44]. 

Finally,  if  the  walls  are  adjusted  to  satisfy  the  condi¬ 
tions  (6.36)  and  (6.39)  simultaneously  (a  perfect  match), 
then  from  Elq.(6.35) 


^*(ro)  =  0, 


indicating  that  the  flow  inside  the  test  section  is  interference 
free.  The  conditions  of  flow  tangency  and  equal  pressures 
along  the  interface  imply  that  the  desired  interface  is  a 
stream  tube.  This  streamlining  principle  for  an  adaptive 
wall  test  .section,  introduced  by  Goodyer  (6.6),  is  of  course 
quite  general  and  not  just  restricted  to  linear  subsonic  flow. 

The  Cauchy  integral  approach,  applicable  to  2D  flow, 
proceeds  along  similar  lines.  Considering  the  complex  dis¬ 
turbance  velocity  w  of  the  fictitious  flow,  analytic  in  the 
exterior  region  and  vanishing  at  infinity,  then  for  an  inte¬ 
rior  point  So  it  follows 


0  = 


then  from  £q8.(6.29)-(6.30) 

to.(»o)  =  y_[(9i(z)  -  9.(2))  2Tr{zl  - 

The  wall  interference  velocity  is  represented  by  a  contour 
distribution  vortices,  whose  density  is  equal  to  the  discon¬ 
tinuity  of  the  tangential  component  of  velocity. 

Conversely,  if  the  tangential  component  of  disturbance 
velocity  is  continuous, 

9.(2)  =  91(2),  2  £  C,  (6  ‘4‘4) 


then 


t«„(2o)  =  jf-((9„(2)  -  5„(j)]  _  ^^da.  (6.45) 

The  wall  interference  velocity  is  represented  by  a  contour 
distribution  of  sources,  whose  density  is  equal  and  opposite 
to  the  discontinuity  of  the  normal  component  of  velocity. 

As  indicated  earlier,  schemes  for  calculating  residual 
interferences  and  strategies  of  wall  adaptation  are  closely 
interrelated.  This  can  be  illustrated  [6.45]  on  the  Judd 
streamlining  algorithm  [6.46]. 

This  iterative  procedure  utilizes  calculations  of  the  fic¬ 
titious  external  flow  matching  the  normal  velocity, 


along  the  interface  y  =  ±5,  which  approximates  the  upper 
and  lower  walls  of  a  2D  test  section.  Index  j  indicates 
the  iteration  (wall  adjustment)  step.  In  order  to  introduce 
sufficient  damping  into  the  scheme,  the  aim  of  the  wall  slope 
adjustment  Vj^.i  -  Vj  is  to  provide  the  next  computed  value 
of  the  streamwise  component,  u^.,.  | ,  equal  to  the  average  of 
the  measured  value,  u^,  and  the  computed  value,  u^; 

1 

This  condition  is  equivalent  to 

“j.l  i*;  “,)•  (6  46) 

The  slope  adjustment  can  be  obtained  explicitly,  using  the 
unconfioed  flow  conditions  for  tL..*  velocity  pair  and  v^. 
From  Eq.(6.34b) 


v,(xo,  1  ; 


X  Xo 


(6.47) 


Applying  Eq.(6.47)  to  the  difference  -  Vj  and  substi¬ 
tuting  from  Eq-(6.46),  Judd's  wall  adaptation  formula  is 
readily  obtained; 


)  -  i»>(*o,±-) 


(6,48) 


*  -  *• 
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The  integral  is  interpreted  as  the  Cauchy  principal  value. 

Consistency  of  £q.(6.48)  is  easily  verified:  if 

(S'*®) 

then  the  integrand  is  zero,  and 

indicating  that  the  iterative  process  has  terminated.  Sub¬ 
stituting  Eq.(6.49)  in  (6.47),  we  obtain  the  unconfined  flow 
condition  for  the  measured  disturbance  velocity  compo¬ 
nents  Uj  and  Vj,  implying  that  the  tunnel  flow  in  the  j-th 
iteration  is  interference  free.  For  linear  subsonic  flow  at 
the  interface,  an  acceptable  accuracy  of  wall  adaptation  is 
usually  reached  in  2-3  iterative  steps. 

6.2.2  Nonlinecu'  flow 

Discussion  of  the  procedures  for  the  evaluation  of  non¬ 
linear  residual  wall  interference  will  follow  a  basic  outline 
similar  to  that  of  the  previous  section  with  one- variable  and 
two-variable  methods  discussed  in  turn.  The  emphasis  will 
be  on  use  of  measured  interface  data  of  the  type  routinely 
obtained  in  adaptive-wall  tunnels.  These  procedures  have 
become  known  as  laaff-inter/erence  oisessmenf  and  corrtc- 
iion  (WIAC)  methods.  Nonlinear  wall-interference  correc¬ 
tion  procedures  which  model  the  flow  through  the  walls  of 
ventilated  test  sections  are  an  important  aspect  of  pretest 
prediction  of  interference.  However,  these  approaches  will 
not  be  described  here  in  detail  because  they  are  considered 
to  be  beyond  the  scope  of  the  present  report.  Further¬ 
more,  there  will  not  be  any  discussion  of  asymptotic  ana¬ 
lyses  of  wall  interference  since  these  generally  use  idealized- 
wall  bounaary  conditions  and  not  measured  data. 

The  particular  nonlinearities  treated  will  be  those  aris¬ 
ing  from  transonic  flow  effects  as  the  &ee-8tream  Mach 
number  approaches  unity  with  signifleant  regions  of  super¬ 
critical  flow  extending  to  and  beyond  the  test-section  in¬ 
terface  or  walls  (Group  2  flows).  Although  nonlinearities 
due  to  powered  lift  with  large  flow  deflections  may  occur 
at  subsonic,  subcritical  test  conditions,  there  has  been  lit¬ 
tle  emphasis  on  this  regime  in  adaptive-wall  development, 
with  the  exception  of  the  University  of  Arizona  Adaptable- 
Wall  Wind  Tunnel,  as  described  in  Chapters  2,  3  and  the 
Appendix.  Residual  wall-interference  corrections  in  this 
regime  will  not  be  considered  here.  Wall  interference  for 
high  lift  was  the  subject  of  an  AGARO  FDP  Symposium 
in  1980  and  the  papers  given  there  [6.47|  summarize  work  to 
that  date.  More  recently,  NASA  has  published  a  selected, 
annotated  bibliography  of  wall  interference  in  V/STOL  and 
high-lift  testing  [6.48). 

There  have  been  several  investigations  in  which  wall  or 
interface  pressures  have  been  measured  to  provide  a  com¬ 
plete  set  of  boundary-condition  data  for  validation  of  com¬ 
putational  fluid  dynamics  (CFD)  codes.  These  studies  will 
not  be  discussed  here  except  in  specific  instances  where  the 
computed  results  have  contributed  directly  to  the  develop¬ 
ment  of  residual-interfetence  correction  procedures. 

A  significant  source  of  wall  interference  in  all  test  sec¬ 
tions,  not  just  those  with  adaptive  walls,  is  the  presence 
of  sidewalls  when  test  articles  arc  mounted  on  them.  This 
frill  be  the  ease  for  a  2D  modd  spanning  a  2D  test  section 
and  for  a  SD  semispan  model  mounted  on  an  imperme¬ 
able  tidewaU.  In  supercritical  flows  and  high-lift  flows,  the 
interactiem  of  the  tidewaU  boundary  layers  with  the  flow 
about  a  2D  test  article  can  cause  serious  contamination  of 
the  two-iflmensionality  of  the  flow  fleld.  These  phenomena 


have  been  mentioned  briefly  in  Section  3.3.1  and  will  be 
discussed  in  Section  6.2.3. 

HistoricaUy,  Kemp  [6,49],  [6.50]  generated  much  of  the 
impetus  for  the  development  of  WIAC  procedures  for  treat¬ 
ing  nonlinear  residual  wall  interference  by  use  of  measured 
wall  or  interface  pressures.  Kemp  appUed  a  nonlinear  tran¬ 
sonic  CFD  approach  and  discussed  the  idea  of  test  sec¬ 
tions  with  interference  that  is  eorreetable  just  by  changes 
in  Mach  number,  M,  and  angle  of  attack,  a.  Murman 

[6.51]  also  contributed  by  developing  Kemp^s  ideas  further. 
These  two-variable  procedures  were  developed  specificaUy 
for  2D  applications.  Discussion  of  the  subsequent  develop¬ 
ment  of  the  fundamental  ideas  of  [6.49]-[6.51]  is  presented 
below  in  the  section  on  two-variable  methods.  Nonlinear 
transonic  one- variable  methods  were  developed  initially  by 
Stahara  and  Spreiter  [6.52],  [6.53]  and  by  Hinson  and  Bur- 
dges  [6.54].  The  basic  ideas  of  these  approaches  also  have 
been  developed  extensively,  principally  for  3D  applications, 
and  are  discussed  next.  Finally,  Smith  [6.28]  has  developed 
an  approximate  transonic  representation  in  order  to  extend 
a  linear  2D  one- variable  method  so  that  it  jrields  results  that 
are  comparable  to  those  &om  a  linear  two- variable  method. 

One^variable  method 

The  basic  data  required  are  the  same  in  the  nonlinear 
regime  as  in  the  linear;  i.e.,  the  pressure  distribution  mea¬ 
sured  at  the  interface  and  a  representation  of  the  test  arti¬ 
cle.  However,  the  lack  of  superposition  prohibits  breakup 
into  a  flow  fleld  due  to  the  model  in  &ee  air  and  the  flow 
fleld  due  to  wall  interference.  Instead,  a  solution  for  the  en¬ 
tire  flow  field  with  the  model  in  the  tunnel  and  a  separate 
solution  with  the  model  in  &ee  air  must  be  computed  and 
interpreted  properly.  There  are  several  ways  that  interpre¬ 
tation  can  be  accomplished  and  these  will  be  brought  out 
in  the  ensuing  discussion.  This  method  can  be  regarded  as 
the  nonlinear  equivalent  of  that  discussed  in  Section  6.2.1. 

One  of  the  first  applications  of  nonlinear  assessment  of 
wail  interference  was  carried  out  by  Stahara  and  Spreiter 

[6.52] ,  [6.53]  for  various  axisymmetric  bodies  of  revolution 
in  the  iree-stream  Mach  number  range  from  0.975  to  1.10. 
Numerical  solutions  of  the  transonic  small-disturbance 
equation  (TSDE)  were  obtained  at  the  test  M  in  the  tunnel 
and  in  free  air.  Differences  between  the  tunnel  and  free-air 
solutions  were  attributed  to  wall-interference  effects  and 
differences  between  the  tunnel  solution  and  the  experimen¬ 
tal  model  data  were  attributed  to  the  effects  of  viscosity 
and  vorticity  that  are  not  represented  in  the  TSDE. 

Another  application  was  part  of  a  larger  investigation 
by  Hinson  and  Burdges  [6.54]  into  the  accuracy  of  a  vari¬ 
ety  of  CFD  methods  for  semispan  wing  and  wiag/fuselage 
models  with  three  different  swept- wing  planforms.  As  part 
of  the  experimental  program,  static  pressure  was  measured 
near  the  perforated  walls  of  the  Lockheed  CFWT  test  fa¬ 
cility,  by  meant  of  six  rails.  The  specific  wail-interference 
contribution  in  [6.54]  was  a  set  of  computations  of  the  wing- 
alone  flow  using  the  rail  pressure  measurements  as  bound¬ 
ary  conditions.  An  extended  form  of  the  TSDE  was  solved 
numerically.  With  the  wing  a  adjusted  in  the  calculation 
method  to  match  the  experimentally-measured  lift  in  the 
free-air  calculation,  both  &ee-air  and  tunnri  solutions  were 
obtained.  The  results  displayed  a  shift  in  shock-ware  loca¬ 
tion  between  tunnel  and  free  air.  The  {ree-stream  M  then 
was  adjusted,  in  a  free-air  solution  at  the  same  o,  to  match 
the  pressure  distribution  tbst  was  calculated  on  the  wing 
surfsce  in  the  tunnel  sc^ution.  At  a  test  M  of  0.820,  a  AM 
correction  of  -0.005  was  found  to  provide  a  good  match  for 
all  three  wing-alone  planforms  at  their  design  conditioas.  It 
should  be  emphasised  that  no  use  of  measured  wing  pres¬ 
sure  was  made  in  the  procedure.  The  comparisons  and 
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matching  were  accomplished  with  calculated  wing  pressure 
distributions  only. 

Riak  and  Murman  [6.55],  [6.56]  have  developed  a  gen¬ 
eral  3D  code,  called  TUNCOR,  along  similar  lines.  The 
TSDE  are  solved  numerically  and  it  is  assumed  that  the 
lift  and  pitdiing  moment  have  been  measured  in  the  test 
along  with  the  static  pressure  distribution  on  an  interface 
at  or  within  the  tiumel  walls.  The  interface  can  be  of  rect¬ 
angular  [6.55]  or  circular  [6.56]  cross  section.  The  basic 
TUNCOR  scheme  consists  of  two  steps.  First,  the  flow 
about  the  model  in  the  tunnel  is  computed  by  using  the 
measured  interface  pressures  as  boundary  conditions.  In 
this  step,  the  wing  and  tail  angles  of  attack  are  determined 
separately  within  the  iterative  CFD  solution  procedure  to 
match  the  measured  lift  and  pitching  moment.  Second,  the 
flow  about  the  model  in  free  air  is  computed.  In  this  step, 
M  and  the  wing  and  tail  angles  of  attack  are  determined 
within  the  iterative  solution  method  such  that  the  model  lift 
and  pitching  moment  continue  to  match  the  experimental 
values,  while  simultaneously  the  diflerence  in  local  Mach 
number  on  the  model  between  the  computed  tunnel  sind 
free-air  solutions  is  minimized. 

TUNCOR  has  been  used  by  Newman,  Kemp  and  Gar¬ 
ris  [6.57]  to  correct  Af  and  a  at  two  test  points  for  a 
swept  semispan  wing  tested  [6.58]  in  the  NASA/Ames  Re¬ 
search  Center  High  Reynolds  Number  Channel  I  at  Mach 
numbers  between  0.80  and  0.85.  Free-air  CFD  compu¬ 
tations  were  made  using  a  code  [6.59],  [6.60]  incorporat¬ 
ing  the  thin-layer  approximation  to  the  Reynolds-averaged 
Navier-Stokes  equations.  Results  from  this  code,  which  in¬ 
cludes  the  reflection-plane  boundary  layer  as  an  option, 
tend  to  verify  the  M,  a  corrections  generated  by  TUN¬ 
COR.  Corrections  for  data  obtained  in  the  National  Tran- 
some  Facility  (NTF)  at  NASA/LaRC  for  the  Pathfinder 
1  transport-like  configuration  also  were  evaluated  in  [6.57] 
and  [6.61].  Sickles  and  Erickson  [6.62]  also  have  investi¬ 
gated  TUNCOR  with  an  extensive  data  base  obtained  for 
a  wing/fuselage/tail  model.  These  results  will  be  discussed 
in  the  next  paragraphs.  First,  though,  it  should  be  noted 
that  the  principles  and  techniques  of  TUNCOR  have  been 
used  iu  new  codes  developed  by  Risk,  et  al.  [6.63],  [6.64] 
with  the  TSDE  flow  solver  replaced  by  an  Eider  solver. 
There  have  not  been  any  published  applications  of  these 
new  codes  to  experimental  data,  although  examples  with 
numerical  simulations  are  presented  in  [6.63],  [6.64]. 

TUNCOR  was  compared  in  [6.62]  with  experimental 
data  and  with  results  of  a  3D  code  developed  at  AEDC.  The 
AEDC  code  considers  an  interface  of  circular  cross  section 
an  /Ives  a  different  form  of  the  TSDE  numerically.  There 
are  provisions  for  calculating  global  corrections.  However, 
neither  lift  nor  pitching  moment  is  constrained  so  that  be¬ 
sides  corrections  to  M  and  a  there  are  residual  corrections 
to  the  lift  and  pitching  moment.  The  procedure  first  ob¬ 
tains  a  tunnel  solution  with  the  measured  interface  pres¬ 
sure  distribution  specified,  but  with  the  test  a  prescribed 
as  well.  The  free-air  solution  allows  hi  and  a  to  vary  so  that 
the  dimensional  static  pressure  distributions  on  the  model, 
as  calculated  in  the  tunnel  and  in  free  air,  are  matched  as 
closely  as  possiUe  in  a  least-squares  sense.  The  assumption 
is  made  that  the  stagnation  pressure  is  the  same  in  both 
the  tunnel  and  equivalent  fr^air  solutions.  An  alterna¬ 
tive  correction  procedure  in  the  AEDC  code  is  to  perform 
local  corrections  to  the  flow  on  the  model  al  the  test  id 
and  a.  In  this  alternative,  the  free-air  solution  is  obtained 
at  the  test  Af  and  o.  T1^  the  differences  in  the  calcu- 
Uted  pressure  distributions  on  the  model  between  the  tun¬ 
nel  and  fret-air  solutions  are  eiwluated.  The  differences  can 
be  applied  as  corrections  to  measured  model  pressure  dis¬ 


tributions,  if  they  are  available,  and  are  integrated  to  ^ve 
corrections  to  the  lift  and  pitching  moment.  The  neglected 
effects  of  viscosity  and  vorticity  in  the  tunnel  and  equiv¬ 
alent  free-air  solutions  are  probably  represented  better  in 
the  global  correction  procedure  by  matching  the  calculated 
pressure  distributions.  However,  the  local  correction  pro¬ 
cedure  gives  a  better  representation  of  the  significant  gra¬ 
dients  in  interference  which  exist  over  typical  3D  aircraft 
configurations  and  also  provide  corrections  at  the  actual 
test  conditions.  The  local  correction  procedure  has  been 
developed  further  at  AEDC  by  replacing  the  TSDE  flow 
solver,  first  with  an  Euler  solver,  and  second  with  a  solver 
for  the  thin-layer  approximation  to  the  Reynolds-averaged 
Navier-Stokes  equations  (TNS). 

Results  [6.62]  for  several  examples  using  both  TUN¬ 
COR  and  the  AEDC  code  indicated  that  the  global  correc¬ 
tions  predicted  by  the  two  codes  are  very  similar  with  no 
obvioiu  superiority.  Moreover,  local  corrections  were  found 
to  be  of  comparable  accuracy  to  the  global  ones.  Therefore, 
the  majority  of  the  results  in  [6.62]  are  local  corrections 
based  on  the  AEDC  code.  It  was  found  that  when  the  flow 
over  the  AEDC  wall-interference  wing/fuselage/tail  model, 
see  Fig8.2  and  3  of  the  AEDC  response  in  the  Appendix, 
is  sttbcritical,  or  mildly  supercritical  {M  <  0.80),  the  local 
corrections  are  reasonably  satisfactory.  This  is  shown  in 
Fig.6.8,  for  four  mildly  supercritical  cases  at  Af  s  0.80. 
These  cases  are  representative  of  eight  examples  tested 
prior  to  adaptation  in  the  adaptive-wall  test  section  of  the 
AEDC  Aerodynamic  Wind  Tunnel  (IT),  see  Chapters  2, 
3  and  the  Appendix.  The  uniform  porosity  in  IT  was  2% 
and  5%  in  the  cases  in  Fig.  6.8.  The  corrected  lift  co¬ 
efficients  are  compared  to  interference-free  results  for  the 
same  model  tested  in  AEDC  Aerodynamic  Wind  Tunnel 
(4T)  at  the  same  conditions.  However,  when  the  flow  is 
strongly  supercritical,  (Af  >  0.90),  neither  local  nor  global 
corrections  from  the  AEDC  and  TUNCOR  codes  are  ad¬ 
equate,  see  Fig.6.9  which  is  representative  of  thirteen  ex- 
unples  tested  prior  to  adaptation.  Replacing  the  TSDE 
flow  solver  with  the  Euler  solver  in  two  selected  examples 
at  Af  =  0.90  did  not  improve  the  results  significantly  [6.62|i 
i.e.,  the  corrections  are  still  of  the  incorrect  sign.  The  source 
of  the  error  appeared  to  arise  from  deficiencies  of  the  invis- 
cid  approximation.  Viscous  effects,  particularly  the  shock¬ 
wave/boundary-layer  interaction,  were  not  modeled  so  that 
the  shock  waves  were  in  the  wrong  location  and  did  not  have 
the  correct  strength. 

Calculations  for  the  same  two  selected  examples  with 
viscous  effects  included  by  means  of  the  TNS  solver  were 
very  encouraging  compared  with  the  Euler  results.  One 
of  these  examples  is  the  7%  porosity  case  of  Fig.6.9  at 
a  =  4*.  The  TNS  lift  correction  was  practically  sero  which 
is  consistent  with  the  measured  data  in  Flg.6.9.  The  sec¬ 
ond  example  is  an  early  step  in  an  AEDC  adaptive-wall 
iteration  (see  Section  3.2.2  of  this  report)  for  Af  =  0.90, 
a  4*  with  a  unifonn  poroaity  of  3%.  The  4T,  IT  and 
corrected  IT  lift  data  are  shown  in  Fig.  6.10  and  the  erro¬ 
neous  sign  of  the  lift  correction  has  be»  reversed.  Further¬ 
more,  the  TNS  solver  results  for  both  examples,  using  the 
one-variable  method,  agree  very  well  with  corresponding 
TNS  solver  results  using  a  pretest  prediction  procedure  de- 
vek^ed  at  AEDC  by  Jacocks  and  reported  by  Kraft,  et  al. 
|6.13|.  The  AEDC  pretest  prediction  procedure  is  used  in 
the  same  sense  as  tlu  AEDC  cme-variable  procedure.  That 
is,  the  local  corrections  are  evaluated  as  the  differences  be¬ 
tween  frse-air  and  tunnel  con^mtations  at  the  test  AT  and 
a.  In  foct,  the  free-air  computation  is  identical  to  that  in 
the  one-variable  method.  The  pretest  tunnel  computation 
does  not  OSS  measured  data,  of  course,  but  instead  Jacocks 
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modfflit  the  wall  cros8>flow  characteristics  semi-empirically 
bj  means  of  a  local  representation  of  the  transpired  tur¬ 
bulent  boundary-layer  flow  on  the  perforated  walls.  The 
boundary-layer  computation  is  coupled  to  and  calculated 
simultaneously  with  the  CFD  solution  for  the  flow  over  the 
test  article  (see  [6.12]  for  more  detail). 

The  TNS  pretest-prediction  method  has  been  applied 
subsequently  to  a  wing/foselage/tail  configuration  which 
has  a  general  geometrical  likeness  to  the  model  discussed 
above.  This  configuration  was  tested  in  AEDC  Aerody¬ 
namic  Wind  Tunnels  (4T  and  16T)  [6.65|.  The  16T,  4T 
and  corrected  4T  drag  data  at  a  Mach  number  of  0.95  are 
shown  in  Fig.6.11  and  axe  very  encouraging.  At  the  40% 
and  60%  wing  semispan  locations,  the  predicted  and  mea¬ 
sured  chordwise  pressure  distributions  are  in  good  agree¬ 
ment.  However,  the  most  remarkable  results  are  at  the  90% 
wing  semispan  location  for  a  ^  4^.  The  detailed  differences 
between  the  flows  in  4T  and  16T  are  shown  in  Fig.6.12. 
At  this  wing  station  there  are  significant  differences  in  the 
flow  separation  characteristics  between  4T  and  16T;  these 
differences  are  predicted  by  the  pretest  procedure  with  suf- 
fident  fidelity  to  achieve  satisfactory  corrections.  Clearly, 
additional  solutions  must  be  obtained  for  these  and  other 
model  configurations  and  compared  with  data;  efforts  are 
underway  to  do  this.  Finally,  further  investigation  is  re¬ 
quired  to  examine  more  thoroughly  the  relative  advantages 
of  the  global  and  local  corrections. 


Two*varinble  method 

Two-variable  methods  offer  a  significant  advantage 
ovtt  the  one-variable  methods  in  linear  flow  because  ex- 
plidt  test  artide  representation  is  no  longer  necessary,  as 
described  in  Section  6.2.1.  In  nonlinear  flow,  there  also  is 
promise  of  a  corresponding  advantage;  however,  the  lack 
of  linear  superposition  renders  the  problem  more  compli¬ 
cated.  There  are  two  fundamentally  different  approaches 
to  the  use  of  two  measured  variables  in  nonlinear  wall- 
interference  procedures.  The  first  approach  assumes  that 
static  pressure  distributions  are  measured  at  the  interface 
and  on  the  model  surface.  It  would  not  seem  to  qualify  as 
a  two-variable  method,  however  Schairer  [6.66]  has  shown 
that  the  use  of  a  single  variable  along  a  double  boundary 
is  equivalent  to  that  of  two  variables  along  a  single  bound¬ 
ary,  in  the  sense  that  the  far  fidd  perturbations  due  to  the 
modd  in  free  air  need  not  be  estimated.  The  adaptive-wall 
implications  of  this  are  discussed  in  Section  3.2.3.  With  the 
interfsce  and  modd  pressure  data  at  hand,  nonlinear  wall 
interference  can  be  assessed  by  matching  the  pressure  dis¬ 
tribution  measured  on  the  modd  with  that  computed  for  an 
effective  modd  in  free  air.  This  has  been  termed  the  maieh- 
ing  method  by  Smith  [6.13]  and  has  been  used  by  Kemp 
(6.49),  [6.50],  Murman  [6.51],  and  in  subsequent  devdop- 
ments  at  NASA/LaRC  [6.57],  [6.61],  [6.67]-[6.71].  Since 
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Fig.  6.11  Comparlaon  of  Tunnel  16T  drag  coefflclentt  with  Tunnel  4T 
drag  coefficients  uncorrectcd  and  corrected  locally  using  the  AEDC  pretest- 
prediction,  thin-layer  Navlcr-Stokes  code,  wing/fUselage/tall  model  from  [6.65], 
M  =  0.95,  Re  =  3.0  x  10*  based  on  wing  chord. 
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16T  Upper  Surface 
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Fig.  6.12  Model  pressure  coefficients  measured  and  calculated  using  the 
AEDC  pretest-prediction,  thin-layer  Navier-Stokes  code,  wing/fuselage/tail 
model  from  [6.65{,  M  s  0.95,  a  =  4**,  Re  —  3.0  x  10*  based  on  wing  chord,  90- 
percent  wing  semispan. 


airfoil  tests  generally  include  measurements  of  the  model 
pressure  data,  this  is  a  very  useful  approach  in  2D.  In  3D, 
however,  model  pre^^Mre  data  generally  are  not  available, 
so  there  has  been  no  development  of  this  approach  for  non¬ 
linear  3D  flow.  The  second  approach  assumes  that  the  two 
variables  are  measured  at  the  interface,  without  any  pres¬ 
sure  measurements  on  the  model  surface,  so  is  attractive 
for  3D  flow.  This  approach  corresponds  to  that  discussed 
in  Section  6.2.1.  The  use  of  two  variables  at  the  interface 
has  been  investigated  in  3D  at  AEDC  [6.12],  [6.62],  [6.72J. 

In  both  approaches,  the  effective  shape  of  the  test  sir- 
ticle  must  be  determined  explicitly.  The  effective  shape  is 
the  original  geometric  shape  plus  modifications  to  account 
for  viscous,  vortical  and  other  physical  effects  that  are  miss¬ 
ing  from  the  equations  of  motion  represented  by  the  CFD 
flow  solver,  but  are  present  in  the  measured  data.  In  linear 
flow,  an  effective  shape  is  considered  implicitly,  but  never 
requires  actual  computation  because  the  results  are  inde¬ 
pendent  of  its  explicit  representation.  The  independence 
exists  as  long  as  the  viscous  effects  in  the  flow  over  the 
model  remain  approximately  the  same  between  the  tunnel 
and  free-air  solutions,  so  that  the  effective  shape  remains 
the  same. 

The  early  work  of  Kemp  [6.49],  [6.50]  and  Murman 
[6.61]  established  the  basic  ideas  of  the  mating  method  in 


2D  nonlinear  flow.  Kemp,  et  al.  continued  the  development 
with  2D  codes  known  as  TWINTAN  [6.67]  and  TWINTN4 
[6.68]-[6.70],  which  differ  in  that  the  former  considers  top 
and  bottom  wall  interference  only,  while  the  latter  considers 
sidewall-boundary-Iayer  effects  as  well.  The  latest  version 
is  TWNTN4A  [6.71],  which  extends  TWINTN4  to  include 
flexible  top  and  bottom  adaptive  walls.  Tbe  procedures 
consist  of  three  numerical  solutions  of  the  TSDE.  The  first 
is  the  calculation  of  tbe  flow  around  the  airfoil  in  the  tunnel 
at  the  test  M  using  the  measured  pressure  distributions  on 
the  airfe^  and  interface  as  boundary  conditions.  The  effec¬ 
tive  shape  of  tbe  airfoil  is  one  result  of  this  calculation.  The 
second  calculation  is  tbe  free-air  flow  around  tbe  effective 
shape,  and  is  found  by  adjusting  M  and  a  in  the  itera¬ 
tive  solution  procedure  in  order  to  match  the  experimental 
lift  simultaneously  with  minimisation  of  the  least-squares 
difference  between  the  airfoil  surface  velocity  distributions 
calculated  in  the  tunnel  and  in  free  air.  The  M  and  a  de¬ 
termined  from  this  solution  define  the  free-air  conditions 
to  which  the  tunnel  test  most  closely  corresponds.  The 
residual  least-squares  difference  is  a  measure  of  tbe  cor- 
rectability  of  tbe  data.  This  completes  calculation  of  the 
corrected  conditions.  However,  a  third  calculation  is  made 
to  estimate  tbe  velocity  field  induced  by  tbe  walls.  This 
calculation  also  is  a  free-air  flow  at  the  corrected  Af,  with 
the  properly-scaled  differences  in  the  pressure  and  normal 
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relodtjr  across  the  airfoil  specified  from  the  first  solution. 
The  scaled  differences  of  the  streamwise  and  normal  ve¬ 
locity  components  along  the  airfoil  centerline  between  the 
third  and  the  first  solutions  are  interpreted  as  being  due  to 
wall  interference. 

The  ndewall-boundary-layer  interference  is  calculated 
in  TWNTN4A  using  Murthy's  [6.73]  extension  of  the  Barn¬ 
well  and  Sewall  [6.74],  [6.75]  modd,  see  Section  6.2.3  for 
more  detail.  The  TWNTN4A  code  offers  two  options  for 
applying  four-wall  corrections.  The  first  option  is  the  se¬ 
quential  application  of  sidewall  similarity-rule  corrections 
(see  Section  6.2.3)  directly  to  the  measured  data,  followed 
by  an  additional  correction  for  the  top  and  bottom  wall  in¬ 
terference.  The  second  option  is  the  unified  application  to 
all  four  walls  simultaneously,  with  the  sidewall-boundary- 
layer  effect  represented  as  an  additional  term  in  the  TSDE. 

Other  than  cases  examined  by  Kemp  and  cited  above, 
early  applications  of  TWINTAN  and  TWTNTN4  were  re¬ 
ported  in  [6.76]  and  [6.77],  respectively.  Recent  results 
by  Green,  Newman  et  al.  [6.61],  [6.71],  [6.78],  used 
TWNTN4A  in  the  unified  four-wall  approach  and  found 
that  the  Murthy  extension  [6.73]  is  preferred  for  application 
to  adaptive-wall  data  obtained  in  the  NASA/LaRC  TCT. 
Representative  results  obtained  by  the  WIAC  procedure 
[6.61],  [6.78],  are  shown  in  Fig.6.13.  In  Fig.6.13,  data  ob¬ 
tained  during  successive  adaptive- wall  iterative  steps  be^n- 
ning  from  aerodynamically-straight  walls  at  two  different 
ratios  of  tunnel  half-height  to  airfoil  chord  length,  h/c,  have 
been  corrected  by  three  passes  through  the  TWNTN4A 
code.  Several  passes  through  these  partially-adapted  data 
were  required  in  order  to  adjust  the  upstream  flow-angle 
distribution  iteratively  since  no  measurements  of  that  dis¬ 
tribution  were  made. 

The  two- variable  method  with  both  variables  measured 
at  the  interface  leads  to  a  much  more  difficult  solution  pro¬ 
cedure.  Mathematically,  there  is  a  question  whether  the 
problem  is  posed  properly  [6.72].  Nevertheless,  an  approx¬ 


imate  procedure  was  developed  for  3D  flows  [6.62]  as  an 
extension  of  the  AEDC  one-variable  method  local  cor- 
Mctions  using  scdutions  of  the  TSDE.  The  method  begins 
with  the  model  geometric  shape  prescribed  along  with  the 
measured  interface  pressure  just  as  in  the  one- variable  pro¬ 
cedure.  Then  the  geometric  shapes  of  the  wing  and  tail 
are  adjusted  while  continuing  to  impose  the  interface  pres¬ 
sure  distribution.  The  process  is  accomplished  by  adding 
approximate  mode  shapes,  such  as  a  constant,  a  linear  dis¬ 
tribution  or  a  square-root  distribution,  to  the  geometric 
shapes  to  approximate  the  boundary-layer  growth.  This  en¬ 
tails  additional  solutions  until  a  least-squares  match  is  ob¬ 
tained  on  the  second  measured  variable.  In  the  AEDC  ex¬ 
periments,  the  second  variable  is  the  streamwise  derivative 
of  the  vriocity  component  normal  to  the  interface,  dvnjdz, 
as  measured  by  the  two-component  static  pipes.  This  pro¬ 
cedure  was  investigated  by  means  of  numerical  simulations 
[6.12]  of  the  viscous  flow  over  the  AEDC  wall-interference 
model  and  the  results  were  promising.  However,  when  ap¬ 
plied  to  experimental  data  for  the  same  model  [6.62],  ma¬ 
jor  changes  to  the  geometric  shape  were  necessary  to  im¬ 
prove  agreement  with  the  measured  dvnfdx.  The  result¬ 
ing  changes  in  the  local  pressure-distribution  corrections 
on  the  model  were  not  consistently  better.  Therefore,  fur¬ 
ther  development  of  the  approach  was  postponed  and  the 
one-variable  method  was  emphasized  in  the  AEDC  investi¬ 
gation. 

6.2.3  Flow  quality  and 

sidewall-boundary-layer  effects 

Flow  quality  and  sidewaU-boundary-laycr  effects  are 
two  important  issues  for  all  wind  tunnels,  not  only  those 
with  adaptive  walls.  Flow  quality  and  data  accuracy  re¬ 
quirements  have  been  considered  in  depth  recently  by  the 
AGARD  FDP.  The  Wind  Tunnel  Testing  Techniques  Sub¬ 
committee  of  the  FDP  examined  these  requirements  and 


a,  deg. 


a.  deg. 


O  h/c  -  0.5 

□  h/c-1.0 

-  Free  Air 
Navier  Stokes 


Fig.  e.lS  ComparUon  of  frce^alr,  thln-laycr  Navlsr-Stokei  CFD  lift  co> 
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the  results  were  reported  by  Steinle  and  Stanewsky  in  1982 

[6.79] .  Flow  quality  and  data  accuracy  also  were  the  sub* 
ject  of  the  AGARD  FDP  Symposium  in  Naples  in  1987 

[6.80] .  A  further  aspect  of  all  wind  tunnel  testing,  namely 
viscous  simulation  and  control,  has  received  a  great  deal  of 
attention  and  is  summarized  in  the  final  report  of  AGARD 
FDP  working  Group  09  [6.81].  Viscous  simulation  and  con¬ 
trol  will  not  be  discussed  explicitly  in  this  section.  How¬ 
ever,  flow  quality  and  sidewall-boundary- layer  effects  are 
discussed  here  specifically  for  adaptive-wall  applications. 

Flow  quality 

Flow  quality  in  a  wind  tunnel  is  very  important  for 
proper  viscous  simulation  and  control,  especially  for  ex¬ 
periments  and  tests  in  laminar  flows  and  flows  for  which 
boundary-layer  transition  location  is  significant.  The  use 
of  flexible,  impermeable  walls  in  a  test  section  prevents  an 
increase  in  the  usual  acoustic  noise  emitted  by  the  turbulent 
boimdaxy  layers  on  transonic  test-section  walls. 

An  adaptive-wall  test  section  flow-quality  investiga¬ 
tion  was  performed  at  ONERA/CERT  in  the  flexible,  im¬ 
permeable  wall  tunnel  T2  [6.82].  Static-pressure  spectra 
meas\ired  at  the  center  of  the  turntable  are  presented  in 
Fig.6.14.  The  measured  noise  level  is  plotted  using  the  re¬ 


duced  variables  n  and  [nF’^(n)]*/*,  where  n  =  /H/V  is  a 
Strouhai  number,  F^(n)  is  the  reduced  power  spectral  den¬ 
sity,  /  is  the  frequency,  H  is  the  test  section  height,  and 
V  is  the  Ree-stream  velocity.  This  noise  is  very  close  to 
the  minimum  corresponding  to  turbulent  boundary-layer 
noise.  The  integration  of  a  pressure  spectrum  defines  the 
RMS  reduced  noise  p/q,  i.e.,  /  Fp(n)dn  =  (p/q)^,  where  p 
is  the  RMS  fluctuating  pressure  and  q  is  the  dynamic  pres¬ 
sure.  In  these  experiments  the  measured  &equency  range 
was  1  Hz  to  20  KHz.  This  noise  is  constant  as  a  function 
of  free-stream  Mach  number  at  a  level  of  3.8  x  10~^,  see 
Fig.6.15. 

Velocity  fluctuations  also  were  meastired  with  hot  wires 
and  hot  films  and  are  presented  in  Fig.6.16.  The  turbulence 
intensity  in  the  stilling  chamber  probably  depends  on  the 
wind  tunnel  design,  but  the  low  level  measured  in  the  test 
section  is  a  consequence  of  the  use  of  flexible,  impermeable 
walls  and  the  large  contraction  ratio  of  23. 

Sidewall  boundary  layers 

The  presence  of  sidewalls  can  provide  a  significant 
source  of  wall  interference  in  all  wind  tunnels  with  2D  flows 
over  test  articles  spanning  the  tunnel  and  with  3D  flows 
over  semispan  test  articles  mounted  on  a  sidewall. 


Fig.  6.14  TunneUempty  static-pressure  fluctuation  spectra  measured  on 
a  lidcwaU  of  Tunnel  T2  at  ONERA/CERT  (from  |6.82j). 
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Fig.  8.15  Mach  number  variation  of  RMS 
preuure-fluct  nation  noiae  level  on  a  lidewall  of  Tun¬ 
nel  T3  at  ONERA/CERT  (from  |6.S2|). 


Fig.  6.16  Mach  number  variation  of  RMS 
veiocitj-fluctuation  level  on  a  sidewall  of  Tunnel  T2 
at  ONERA/CERT  (from  |S.82]). 
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The  basic,  empty-ttumel  growth  of  the  boundary  lay* 
ers  in  adaptive-wall  test  sections  with  flexible,  imper¬ 
meable  walls  has  been  discussed  in  Section  3.2.2.  This 
boundary-layer  growth  is  accommodated  by  diverging  the 
flexible  walls  in  such  a  way  that  they  are  ‘‘aerodynamically 
straight**,  i.e.,  provide  a  uniform  static  pressure  along  the 
test-section  length  and  so  account  for  the  boundary-layer 
growth  on  all  four  walls. 

Most  of  the  algorithms  discussed  in  Section  3.2.2  for  2D 
adaptive-wall  test  sections  with  flexible,  impermeable  walls 
have  provisions  for  computing  the  displacement  efiect  of  the 
model-induced  pressures  on  the  top  and  bottom  walls.  The 
displacement  effect  is  found  by  calculating  the  boundary 
layers  with  the  measured  pressure  distributions  as  input. 
This  accounts  well  for  the  modulation  of  the  empty-tunnd 
boundary-layer  growth  on  the  top  and  bottom  walls  due  to 
the  present  of  the  model.  For  2D  ventilated  adaptive- wall 
test  sections,  the  transpired  boundary  layers  on  the  top  and 
bottom  walls  are  beyond  the  interface  surfaces  and  so  are 
taken  care  of  automatically  in  the  adaptation. 

In  supercritical  and  very  high-lift  flows,  the  sidewall 
boundary  layers  interact  in  a  very  complex  manner  with 
the  flow  over  the  test  article  for  all  2D  test  sections.  Seri¬ 
ous  contamination  of  the  desired  2D  flow  can  occur  as  a  re- 
siilt  of  the  interaction,  particularly  for  narrow  test  sections. 
The  variations  of  the  sidewall-boundsiry-layer  growth  in  the 
presence  of  the  model  were  calculated  by  Newman  and  An¬ 
derson  [6.83],  [6.84]  for  early  2D  adaptive-wall  experiments 
performed  at  NASA/LaRC  by  Everhart  [6.85].  More  re¬ 
cently,  ONERA/CERT  has  found  that  these  sidewall  effects 
are  a  major  factor  in  determining  Mach-number/angle-of- 
attack  limitations  in  Tunnel  T2  for  2D  airfoil  testing  [6.86]- 
[6.89];  see  also  their  response  in  the  Appencflx  to  Question 
3.8e.  The  sidewall-boundary-layer  displacement  thickness 
in  T2  for  a  CAST  7  airfoil  section  at  Af  =  0.76  and  0  =  0** 
is  presented  in  Fig.6.17.  The  sidewall  effects  correspond  to 
a  change  in  displacement  thickness  of  1  to  2  mm,  which  is 
not  negligible  compared  to  the  displacements  of  10  to  20 
mm  needed  to  adapt  the  upper  and  lower  walls. 

A  great  deal  of  consideration  was  given  to  sidewall 
boundary  layers  in  the  GARTEur  cooperative  project  on 
CAST  7  airfoil  data  [6.24].  Other  recognition  of  the  impor¬ 
tance  of  2D  sidewall  botmdory  layers  is  given  in  [6.90],[6.91|. 
Some  researchers  [6.86], [6.91]  attribute  the  principal  effect 
of  sidewall  interference  to  changes  in  the  induced  downwash 
at  the  model  due  to  the  spanwise  variation  of  lift.  Other 
work  focuses  on  blockage  as  the  principal  effect. 
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Major  effort  has  been  devoted  to  the  blockage  approach 
by  a  group  associated  with  NASA/LaRC.  Development  of 
procedures  to  estimate  2D  sidewall-boundary-layer  block¬ 
age  corrections  is  given  in  a  series  of  reports,  which  are 
summarized,  chronologically,  in  papers  by  Barnwell  [6.74], 
Sewall  [6.75]  and  Murthy  [6.73].  The  models  of  [6. 74], [6.75] 
account  for  three-dimensional  blockage  effects  along  the  air¬ 
foil  span  based  on  an  average  of  the  perturbations  of  the 
sidewall-boundary-layer  displacement  thickness  due  to  the 
test  article.  Subsonic  [6.74]  and  transonic  [6.75]  similarity 
rules  for  interpreting  the  measured  airfoil  data  also  have 
been  derived.  The  Murthy  extension  [6.73]  accounts  ap¬ 
proximately  for  the  airfoil  aspect  ratio  and  reduces  to  the 
equations  of  [6. 74], [6.75]  in  the  limit  of  vanishing  aspect  ra¬ 
tio.  In  Fig.6.18,  airfoil  drag  data  &om  the  NASA/LaRC 
TCT  with  slotted  walla  have  been  corrected  [6.61], [6.92]  by 
the  Bamwell-Sewall  [6. 74], [6. 75]  and  Murthy  [6.73]  meth¬ 
ods. 

Finally,  Obayashi  and  Kuwahara  [6.93]  have  obtained 
CFD  solutions  using  the  thin-layer  approximation  to  the 
Reynolds-averaged  form  of  the  Navier-Stokes  equations. 
The  thin-layer  approximation  is  applied  on  both  the  side- 
walls  and  airfoil  surfaces  in  a  simulated  2D  wind-tunnel  test 
with  locally  supercritical  flow. 

Clearly,  further  investigation  of  sidewall-boundary- 
layer  effects  on  2D  testing  is  necessary.  With  further  un¬ 
derstanding,  it  may  be  possible  to  consider  2D  tests  as  the 
sum  of  an  ideal  2D  flow  perttirbed  by  3D  effects  &om  the 
sidewalls.  Moreover,  if  a  reliable  correction  term  can  be 
estimated  in  the  central  part  of  the  flow,  it  might  be  fea¬ 
sible  to  establish  a  new  adaptation  strategy  to  cancel  the 
sidewall  perturbation. 

In  3D  flows,  the  boundary  layer  on  the  mounting 
wall  for  all  semispan  models  presents  problems  similar  to 
those  in  2D,  but  possibly  exacerbated  by  the  presence  of  a 
half  fuselage.  No  work  in  this  problem  area  is  known  for 
adaptive-wall  tunnels. 

For  3D  testing  in  2D  test  sections  with  impermeable 
walls,  the  sidewall  boundary  layer(8)  adjacent  to  the  wing 
tip(s)  must  be  investigated  to  establish  their  significance  for 
inclusion  in  adaptation  algorithms.  In  3D  tests  a  sidewall 
boundary  layer  adjacent  to  the  tip  sustains  lower  pressure 
gradients  than  in  2D,  but  can  be  highly  three  dimensional, 
as  8h’>wn  in  Fig. 6. 19.  These  3D  experimental  data  were 
obtained  in  T2  by  a  boundary-layer-probe  survey  carried 
out  on  the  sidewall  of  the  test  section  off  the  tip  of  the 
wing,  which  was  60  mm  &om  the  sidewall.  The  boundary- 
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Fig.  0.17  Dfoplaccmcnt-thicknest  contoun  on  the  ildewell  of  Tunnel  T2 
■t  ONERA/CERT  for  m  CAST  7  •irfotl  lectlon  mi  M  =  0.76,  a  =  0*. 
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layer  tliickness  is  changed  principally  downstream  of  the 
wing  where  the  trailing  vortex  system  induces  an  upwash 
near  the  wall.  The  pressxire  gradients  are  small,  but  the 
flow  direction  changes,  so  the  displacement  thickness  can 
vary  1.4  mm  in  the  vertical  plane.  In  3D  flows,  too,  fur¬ 
ther  investigation  of  sidewall-boundary-layer  effects  clearly 
is  necessary. 

6.2.4  Concluding  remarks 

Methods  of  determining  linear  residual  wall  interfer¬ 
ence  appear  to  be  well  established  theoretically;  however 
they  need  to  be  validated,  for  example  by  comparative  stud¬ 
ies  of  test  data  on  the  same  model  in  different  adaptive- wall 


wind  tunnels  as  well  as  in  passive,  ventilated-wall  tunnels. 
The  GARTEur  CAST  7  [6.24]  and  the  CAST  10/DOA  2 
[6.94]  investigations  are  excellent  examples  of  such  compar¬ 
ative  studies. 

Results  to  date  in  both  one-variable  and  two-variable 
methods  for  nonlinear  wall  interference  indicate  that  a  great 
deal  more  research  and  validation  are  required.  The  status 
in  2D  flow  is  advanced  over  that  in  3D  flow  as  is  the  case 
generally  with  adaptive-wall  development.  Nevertheless,  it 
is  now  well  established  that  for  transonic  testing  with  exten¬ 
sive  supercritical  flow  present,  significant  wall  interference 
is  likely  to  exist  in  conventional  ventilated  test  sections. 
Consequently,  residual  correction  procedures  require  fur¬ 
ther  development  hand-in-hand  with  further  adaptive-wall 
development. 
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Fig.  6.16  Comparison  of  0.3-m  TCT,  slotted'wall  drag  coefflcients  uncor¬ 
rected  and  corrected  using  the  Barnweii-Sewall  {6.74],  {6.75]  and  Murthy  [6.73] 
sidewall-boundsury-layer  techniques,  CAST  10  airfoil,  Cj  =  0.5,  He,  =  15  x  lO® 

(from  [6.61]). 


Fig.  6.19  Displacement-thickness  profiles  on  the  sidewall  acyacent  to  the 
tip  of  an  AS07  semispan  wing  In  Tunnel  T2  at  ONERA/CERT. 
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7. 1  Introduction 

Wind  tunnel  wall  interference  in  unsteady  flow  has  not  been 
as  thoroughly  investigated  as  in  steady  How.  In  the  case  of 
unsteady  How  the  wind  tunnel  wall  interference  problem  is 
much  more  complicated  by  additional  parameters  describing 
the  time-dependent  variation  of  the  unsteady  flow  field. 
Moreover,  other  sources  of  interference,  such  as  tunnel  watt 
reflections  in  the  form  of  acoustic  waves  and,  as  a  conse¬ 
quence,  wind  tunnel  resonance,  may  play  an  important  rote 
as  well. 

All  investigations  on  unsteady  wind  tunnel  wall  interference 
known  so  far  have  concentrated  on  (harmonically)  oscillating 
lifting  systems  and  bodies  undergoing  small  amplitudes  of 
motion  in  closed  and  ventilated  wind  tunnel  test  sections.  For 
the  case  of  such  motion-induced  unsteady  flow,  a  general 
outline  of  the  problem  from  a  theoretical  point  of  view  is  giv¬ 
en  in  Rer[7  I]  rxperimciuai  results  Irom  systematic  wind 
tunnel  interference  measurement.s  are  reported  in  Refs. 
[7.2]  and  [7.3]. 

With  the  recent  development  of  adaptive  wind  tunnel  walls, 
by  which  steady  wall  effects  are  eliminated  or  significantly 
reduced  by  actively  controlling  flow  near  the  walls,  new  pos¬ 
sibilities  for  correction  of  wind  tunnel  wall  interference  have 
also  emerged  for  unsteady  flow.  In  the  following,  prospects 
and  concepts  of  experimental  and  analytical  techniques  for 
correction  of  unsteady  wind  tunnel  wall  effects,  appearing 
with  aerodynamic  and  aeroelastic  measurements  of  oscillating 
liRing  systems  and  bodies,  are  presented.  First,  some  funda¬ 
mental  relations  of  motion-induced  unsteady  How  fields,  basic 
to  a  physical  undersunding  and  analytical  treatment  of 
unsteady  flow  phenomena,  are  explained.  Then  the  principal 
causes  of  unsteady  wind  tunnel  interference  are  described  and 
the  practicability  of  adaptive  wind  tunnel  walls  to  eliminate 
unsteady  aerodynamic  wall  interference  effects  in  unsteady 
aerodynamic  and  aeroelastic  wind  tunnel  model  measurements 
is  discussed.  Finally  prospective  wind  tunnel  wall  corrections 
for  motion-induced  unsteady  flow,  applying  steady  flow  wall 
adaptation  and  CFD-techniques,  are  outlined.  Wind  tunnel 
wall  effects  on  other  unsteady  aerodynamic  processes,  such 
as  flow  separation.s  at  high  incidences,  vortex  and  boundary 
layer  flows,  are  beyond  the  scope  of  this  chapter. 


7.2  Bask  Physkal  Relations  of  Motfon-lnduced  t'nsteady 
Fkm  Fields 

The  differential  equation  that  governs  the  inviscid  unsteady 
flow  due  to  small  oscillatory  perturbations  impo.scd  on  a 
steady,  uniform  flow  field  is  a  wave  equation.  In  reference  to 
rectangular  coordinates,  see  Fig.7.1,  this  equation  for  two-di- 
men.sional  unsteady  compressible  flow,  generated  by  an  oscil¬ 
lating  airfoil,  reads,  see  Ref.[7.d]: 

f 

Here,  /)  is  (he  time-dependent  perturbation 

velocity  potential,  IJ„  the  velocity  of  the  undisturbed  flow, 
the  corresponding  Mach  numlwr  and  a„  the  velocity  of 
sound.  When  the  steady  free  stream  Mach  number  is 
close  to  unity,  the  governing  equation  for  2d  transonic  flow 
in  its  simplest  form  reads,  see  Rer[7,4]; 

(I  -  Mi)  -  (y  + 1)  {*>.)  + 


where  y  denotes  the  ratio  of  specific  heats.  Fq.(7.2)  is  the 
time  linearised  transonic  small  perturbation  (TSP)  equation, 
where  we  recognize  a  non-linear  term  associated  with  the 
steady  flow  potential  independent  of  time  t. 

In  the  case  of  harmonic  motion  of  the  airfoil. 

.  C'^') 

with  the  coordinate  transformations  (f.  =  reference  length) 

X  =  %ll.  ,  y  =  Py/I.  and 

1 1/_  / - f  ■  (7  4) 

r-  — .  with  p  ^  . 

and  upon  introduction  of  a  reduced  velocity  potential  <p  . 

i  =  Vc'"  ,  (7.5) 

Eq.(7.|)  can  be  transformed  into  the  well-known  Helmholtz 
wave  equation: 

-1-  tp-’  +  =  0  (7.6) 

A  fundamental  solution  of  nq.(7.6)  is 

<p  ~  ,  (7,7) 


where 


k 

X 


Hankcl  function  of  second  kind  and  order 
zero,  satisfying  the  Sommerfcid  radiation 
condition, 

wL  _  reduced  frequency 

~  (<*’  *  circular  frequency). 


AAf. 

A' 


reduced  wave  number. 


t 


X  and 


r  =  y/{x  —  4)*  +  vY  -  distance  between 

transmitting  (4  ,  fj)  and  receiving  ndcl 
point. 


rif.T.I: 


OscIHatIng  atrfoll  in  a  wind  tunnel  with  roordinate 

•yttam 
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Hence,  the  unsteady  part  of  the  now  Held  of  a  harmonicahy 
oscillating  airfoil  may  be  represented  by  a  superposition  of 
perturbation  sources  which  move  with  the  base  flow  velocity 
and  propagate  in  the  form  of  waves  with  the  velocity  of 
sound  ,  thus  exhibiting  a  wavincss  of  the  How  Held 
dependent  on  the  parameters  X  and/or  c  and  on  the  mode 
of  oscillation  as  well.  As  a  typical  example,  Fig.7.2  illustrates 
the  motion-induced  unsteady  flow  field  of  an  oscillating  airfoil 
in  2d  compressible  flow,  where  <)>'  denotes  the  real  part  (in 
phase  with  the  osciflating  airfoil)  and  q*’  the  imaginary  part 
(90  degrees  out  of  phase)  of  the  unsteady  velocity  potential 
<p  .  It  can  be  seen  in  Flg.7.2  that  this  unsteady  flow  field  is  by 
far  more  complicated  than  the  steady  flow  field  of  an  airfoil 
at  rest. 


i.  c.  an  unsteady  process  may  be  directly  affected  bv  steady 
flow  wail  interference  as  well  as  by  the  purclv  unsteady 
sources  of  interference,  as  dcmonstrativclv  shown  in  Kefs. 
[7.5  and  7.6]. 

The  principal  causes  of  unsteady  tunnel  iniCTfciencc  -  in 
addition  to  the  well-known  steady  interference  cHccts,  such 
as  wall  constraint,  shock  wave  reflection  in  transonii  (tow  and 
wall  boundary  layers  -  are.  see  Fig.7.3  ; 

•  un.steady  cfTcct.s  of  wall  constraint. 

•  reflection  by  the  walls  of  model-generated 
acoustic  disturbances,  and  -  as  a  consctiiicncc  - 
acoustic  wind  tunnel  resonance. 


7.3  Wind  Tunnel  Interferences  in  Unsteady  Flow 

From  the  practical  point  of  view,  the  mo.st  important  types 
of  motion-induced  unsteady  flow  fields  in  a  wind  tunnel  arise 
from  forced  or  scIf-cxcitcd  (flutter)  oscillations  of  the  model. 
In  such  wind  tunnel  investigations  the  unsteady  aerodynamic 
data  of  main  interest  arc  the  magnitude  and  phase  of  the 
motion-induced  unsteady  aerodynamic  pressures,  f'or 
instance,  for  an  airfoil  performing  a  pitching  oscillation  of 
amplitude  0  abon*  «•  mean  incidence  a, ,  the  wall  interference 
ellects  on  magnitude  and  phase  of  the  unsteady  pressures  can 
be  considered  under  the  following  hcadlngsr 

•  steady  effects  on  the  flow  for  the  mean  incidence 

a«  . 

•  quasi-steady  cfTect.s  in  context  with  the  timc-dc- 

pendciit  kinematic  flow  conditions  for  all 
changes  of  incidence  within  the  range 

(a«  -  0)  <  a  <  (a„  +  0)  , 

•  unsteady  effects  on  the  manner  in  which  the 
magnitude  and  phase  of  the  motion-induced 
unsteady  pressure  vary  with  frequency  in  con¬ 
text  with  the  unsteady  wake. 

Mcncc,  the  requirements  for  avoidance  of  wind  (iinnct  wall 
interference  effects  on  unsteady  measurements  arc: 

•  correct  (undisturbed)  ba.se  flow  and  correct 
steady  perturbations, 

•  absence  of  any  additional  unsteady  effects. 


•  distortion  of  the  oscillatory  wake  of  the  model 
by  other  tunnel  dcncicncies, 

•  inherent  tunnel  flow  fluctuations. 

Since  a  clear  understanding  of  these  unsteady  wind  tunnel 
interference  cflTects  is  of  basic  concern  for  the  application  of 
adaptive  wall  concepts,  they  will  he  discussed  in  more  detail 
in  the  following. 

('orrcctions  for  un-stcady  effects  of  wall  constrain!  -  excluding 
transonic  flow  -  in  tunnels  having  well-defined  wall  boundary 
conditions  car)  readily  he  obtained  from  theoretical  invc.cti- 
gations.  The  corresponding  boundary  conditions  for  open  and 
closed  (solid)  wind  tunnel  walls  can  easily  he  cstablislicd.  see 
Rcf.[7.l},  but  it  is  difficult  to  obtain  quantitative  estimates  for 
ventilated  wind  tunnel  walls  hccau.sc  of  mathcniaiical  uncer¬ 
tainties  about  the  boundaries.  For  two-dimensional  airfoils 
o.scillating  in  .sub-  and  supersonic  flow  .several  .such  analytical 
unsteady  wall  correction  techniques  have  already  been  elabo¬ 
rated.  sec  Rcfs.[7.7  -  7.12] 

Reflection  of  acoustic  disturbances  from  wind  tunnel  walls 
and  their  return  to  the  model  is  a  crucial  unsteady  interference 
problem.  As  shown  in  the  previous  section,  an  oscillating 
model  generates  unsteady  pressure  disturbances  in  the  form 
of  travelling  acoustic  waves  whicli  propagate  outwurds  in  the 
tunnel.  After  being  reflected  from  the  walls,  these  disturbances 
return  to  the  model  causing  additional  pressure  changes  there 
This  is  in  contrast  to  the  Sommcrfcld  far-ficld  radiation  con¬ 
dition  which  quires  a  rcricction-frcc  propagation  of  the  dis¬ 
turbances  to  infinity  in  free  atmosphere.  Flg.7.4  shows  an  air¬ 
foil  in  2d  subsonic  flow  and  the  wave  fronts  from  an  acous¬ 
tical  disturbance  in  a  uniform  (low.  It  is  seen  that  the  velocity 
of  propagation  of  the  pressure  disturbance  from  a  point  Pf, 
to  the  direction  normal  to  the  wall  is  Ja^  ^-  tit  ,  and  the 


Fla.7  2:  Motion-Induced  unsteady  flow  field  (complex  unsteady  potential  function  of  an  air¬ 

foil  performing  harmonic  pHchtng  oscillations  about  the  0  42f*-chord  axis  (9'  -  real 
part.  a  imaginary  part  of  9) 
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Flg7.3:  Principal  refuses  of  wund  tunnel  interference 


time  needed  Tor  the  disturbance  to  he  reflected  by  tt)c  wall  and 
return  to  Pt  is 

=  2hlJal-Ul,  -  .  (7.») 

where  b  is  the  distance  to  the  wail.  I'hc  attenuation  of  the 
disturbance  by  the  time  it  returns  to  the  source  will  depend 
on  the  distance  travelled  in  the  moving  air  which  is 

.  (7.9) 

I1ius,  the  reflected  wave  when  It  returns  will  be  weaker  (by 
natural  damping),  the  higher  the  Mach  number.  When  a  dis¬ 
turbance  from  the  oscillating  airfoil  is  reflected  from  the  tun¬ 
nel  wail  back  to  the  wing  with  such  a  phase  iciationship  that 
it  reinforces,  or  cancels  out,  a  succeeding  disturbance  and 
hence  the  pressure  changes  currently  occuring  on  the  model, 
then  we  have  the  case  of  acoustic  resonance.  This  certainly  is 
the  most  severe  unsteady  wall  interference  problem,  first 
described  in  Rcf.[7.l3]  and  experimentally  vcrific<l  in  Ref. 

[7.14]  .  Tor  solid  walls,  that  do  not  change  the  phase  of  the 
wave  on  reflection,  the  resonance  circular  frcqucncN  is 

<0.  =  (2fi  -  I)  n  ^  ,  rt*l,2.  ...  .  (7.(0) 

For  open  jet  boundaries  (he  phase  change  on  rcflccfion  is  n  . 
so  that 

^  ,  /,=  l,2 .  (7.II) 

For  a  tunnel  with  ventilated  walls,  theoretical  expressions  for 
the  resonance  frequencies  depending  on  wall  porosity,  depth 
of  plenum  chamber  and  Mach  number  arc  given  in  Ref. 

[7.15]  .  In  the  case  of  resonance,  where  the  disturbances  form 

a  standing  wave  pattern,  the  normal  velocity  has  a  maximum 
amplitude  and  the  pressure  ha.s  a  node,  i.  c.  is  of  zero  ampli¬ 
tude  at  the  position  of  the  oscillating  airfoil.  Accordingly,  the 
unsteady  airloads  on  the  oscillating  airfoil  will  vanish  at  reso¬ 
nance.  A  typical  example  is  shown  in  ^(1.7.5  .  Wlicrcas  for 
incompressible  flow  (M^  -*  0)  there  is  no  tunnel  resonance  - 
the  resonance  frequency  decreases  with  increasing  Mach 
number  -  and  since  it  tends  to  zero  as  the  predicted 

resonance  frequency  must  coincide  with  a  test  frequency  for 
some  intermediate  Mach  number  causing  dramatic  changes  in 
the  magnitude  and  phase  of  the  unsteady  Itfl  on  the  oscillating 
model.  Portunatcly  at  the  higher  Mach  numbers  there  arc 
influences  to  reduce  these  effects.  liven  for  strong  reflections 
from  soVtd  walls,  the  cfTcctive  air  distance  travdlcd  incrca.scs 
with  Mach  number  and  the  reflections  thus  become  more 
attenuated.  Also,  the  reflected  disturbances  travel  more  with 
the  flow  than  across  it,  see  Fl|  .7.4  .  I'urthcrmorc.  for  tran¬ 
sonic  conditions,  when  the  resonance  frequencies  arc  low 
enough,  the  (adapted)  walls  in  typical  transonic  win<i  tunnels 
will  lx  perforated  or  slotted  and  the  reflections  thus  more 
diffuse  and  atieniiaicd 


In  a  free  atmosphere  an  oscillating  model  would  leave  behind 
an  oscillating  wake  the  vorticity  distribution  of  which  is  con¬ 
sistent  with  the  unsteady  flow  at  the  model.  If  in  a  tunnel  this 
wake  is  affected  by  a  tunnel  shock  wave,  the  driving  fan  or  a 
near  tunnel  corner,  the  unsteady  aerodynamic  loading  at  the 
model  may  be  notably  influenced.  There  arc  reasons  to  sug¬ 
gest  that  this  source  of  un.steady  interference  is  of  consider¬ 
able  importance  in  certain  special  cases  of  low  no\^  speed  and 
less  important  in  transonic  flow. 

Finally,  various  (yjxs  of  flow  fluctuations,  oficn  described 
collectively  as  twine!  noise,  can  have  several  unwanted  clfccls, 
particularly  in  acroclastic  model  investigations.  One  of  the 
principal  sourcc.s  of  noise  in  tran.'onic  tunnels  is  the  flow  over 
ventilated  walls.  It  is  possible  to  reduce  the  noise  IVom  this 
source  by  covering  the  perforations  with  gauze  cloth  and  to 
apply  sound-absorbing  material  to  the  tunnel  walls,  ns  shown 
in  Rcf.[7.l6)  . 


Fl«.7.9: 


Resonance  In  a  solid  wall  lest  section  (adapted  from 
Reff/  1<7) 
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7.4  Applic«tlon  of  Adaptive  Wind  Tunnel  Walls  in  (histeady 
Flow 

From  the  preceding  explanations  we  have  seen  lltat  the  fol¬ 
lowing  wind  tunnel  interference  effects,  due  to  an  unsatisfac¬ 
tory  test  environment,  are  of  main  concern  in  unsteady  aero¬ 
dynamic  and  aeroelastic  experiments  with  oscillating  models: 

1.  interference  of  the  steady  base  flow  field  by 
steady  wall  constraints,  including  shock  wave 
reflections  in  transonic  flow, 

2.  interference  of  the  (superimposed)  motion-in¬ 
duced  unsteady  flow  field  by  wall  constraints, 

3.  reflection  of  the  model-generated  acoustic  dis¬ 
turbances  by  the  walls, 

4.  acoustic  tunnel  resonance  in  the  test  section. 

With  regard  to  the  application  of  adaptive  wind  tunnel  wall 
concepts  to  eliminate  or  significantly  reduce  these  wall  inter¬ 
ference  effects  in  unsteady  flow  measurements,  the  following 
statements  can  be  made. 

Ad  1:  Practicability  and  feasibility  of  wall  ad'iptation  for 

steady  flow  have  already  successfully  been  dem¬ 
onstrated,  as  shown  in  the  previous  chapters. 

Ad  2:  Unsteady  wall  adaptation  can  be  reati:rcd,  at  least 

theoretically,  in  the  same  way  as  for  steady  How 
conditions.  However,  enormous  technical  effort  is 
mandatory  even  for  2d-mcasiircmcnts.  I  insteady 
wall  adaptation  would  require  oscillatorily  moving 
flexible  waits,  where  the  motion  of  the  walls  and 
the  wall  contours  would  depend  on  the  frequency 
and  vibration  mode  of  the  model,  on  the  model 
amplitude  of  oscillation  and  on  certain  phase 
relationships  with  respect  to  the  motion  of  the 
model.  Streamlining  algorithms  for  such  a  non¬ 
stationary  wall  adaptation,  even  for  the  simplest 
case  of  non-flexibie  (rigid  body)  oscillations  of  the 
model,  would  be  very  difficult  to  establish.  3d 
adaptive  walls  lie  beyond  the  realm  of  practicabil¬ 
ity- 

Ad  3;  niimination  would  demand  basically  the  same 
techniques  and  requirements  as  for  nonadapiive 
walls,  i.  e.  ventilated  walls  to  diminish  the 
reflections  and  a  modcl-to-tunnci  si/e-ralio  as 
small  as  possible. 

Ad  4:  Remains  essentially  unaffected  by  adaptive  walls 

and  cannot  completely  be  eliminated  by  any  type 
of  tunnel  wall. 


Summarising  it  can  be  stated  that  the  elimination  or  at  least 
reduction  of  unsteady  wind  tunnel  wall  interference  by  means 
of  adaptive  walls  is  extremely  difficult  to  realize,  if  at  all  pos¬ 
sible.  Unsteady  wall  adaptation,  therefore,  cannot  he  consid¬ 
ered  to  be  a  reasonable  means  to  overcome  this  problem. 
However,  since  unsteady  aerodynamic  processes  may  also 
strongly  be  affected  by  steady  flow  wall  interferences,  partic¬ 
ularly  in  the  transonic  flow  regime,  avoidance  of  steady  flow 
wall  effects  by  application  of  steady  flow  wall  adaptation  will 
also  significantly  improve  the  results  of  unsteady  wind  tunnel 
measurements,  as  demonstrated  by  Kucz.ka  [7.17]  and  shown 
in  Flg.7.6.  He  obtained  some  satisfactory  agreements  between 
results  from  a  tunnel  with  steady  adapted  closed  walls  and 
results  from  tunnels  with  perforated  walls  for  the  in-phase- 
component  of  unsteady  lift  and  moment  coefficients.  Howev¬ 
er,  the  corresponding  out-of-phase  components  di.sagrcc,  even 
for  low  reduced  frequencies.  They  are  especially  affected  by 
reflections  of  model-generated  disturbances  from  the  walls, 
because  they  are  i.g.  smaller  than  in-phase-componcnts.  In 
addition,  the  wall  reflected  disturbances  are  phase  shifted  with 
respect  to  the  model  oscillations. 

Thus,  steady  wall  adaptation  is  a  necessary  prerequisite  for 
obtaining  interference-free  unsteady  results.  These,  however, 
still  have  to  be  corrected  frir  nmnci  waif  cffccls. 

Kuezka  applied  a  simple  correction  method  to  model  the 
inOuence  of  rcnections  from  closed  tunnel  walls  on  low  fre¬ 
quency  unsteady  test  results  [7.17]  of  low  aspect  ratio  models. 


Flj.7.6:  In-phase-component  c^'  of  unsteady  lift  coeftlcient  of 

a  harmonically  oscillating  model  ('Standard  Dynam¬ 
ics  Model')  with  and  without  steady  closed  tunnel 
wall  adaptation  and  with  perforated  walls  (adapted 
from  Ret  [7.17]) 

In  general,  more  sophisticated  correction  methods  arc  needed. 
In  order  to  model  unsteady  wall  boundary  conditions  in  such 
methods,  unsteady  pressure  data  should  also  be  measured  at 
the  walls.  Indeed,  the  application  of  adaptive  walls  to  mini¬ 
mize  interference  from  steady  flow  wall  constraints,  together 
with  the  application  of  CFD-techniques  which  take  into 
account  unsteady  wall  pressure  data  from  experiments  to 
describe  precise  wall  boundary  conditions,  is  most  promising 
in  deriving  corrections  for  wind  tunnel  wall  interferences  in 
unsteady  flow.  Prospects  and  concepts  for  such  hybrid  wind 
tunnel  wall  correction  techniques  arc  outlined  in  the  follow¬ 
ing. 


7.5  Wind  Tunnel  Wall  Corrections  for  Unsteady  Flow 

Applying  Steady  Wall  Adaptation  and  CFD-Techniques 

7-5.1  Prediction  Methods  for  2I>  Unsteady  Wall  Interference 

Analytical  predictions  of  wall  effects  on  un.stcady  prcs.sure.s 
and  airloads  require  exact  knowledge  of  the  wall  boundary 
conditions.  Only  three  types  of  boundary  conditions  arc  well- 
defined.  namely  those  of  solid  (closed)  walls,  free  jet  and  of 
prescribed  unsteady  wall  pressure  distributions  (known  from 
experiment).  Porous  or  slotted  walls  can  be  simulated  only 
approximately  by  mixed  boundary  conditions  including  free 
parameters.  Until  now  systematic  theoretical  studies  of 
unsteady  wall  effects  have  only  been  carried  out  for  2d  airfoils 
oscillating  in  subsonic  and  supersonic  flow.  As  wind  tunnel 
tests  with  oscillating  models  are  performed  primarily  for 
aeroelastic  purposes,  wind  tunnel  inlcrfcrcncc  cfTccts  have  to 
be  studied  within  a  wide  range  of  Mach  numbers,  oscillation 
modes  and  reduced  frequencies. 

For  2d  subsonic  flow  in  one  of  the  first  systematic  analytical 
investigations  on  wind  tunnel  wall  effects,  based  on  Fq.(7.l) 
Bland  [7.7]  derived  an  integral  equation  relating  the  down- 
wash  w  (prescribed  by  the  harmonic  motion  of  the  airfoil)  to 
the  induced  unsteady  pressure  jump  6p  at  the  airfoil: 

M<x)  =  f’  Kix-i,  *)  d/)(0  4  .  (7.12) 

This  is  an  extension  of  Possio's  integral  equation  [7.18]  . 
which  is  valid  for  free  stream  conditions.  Bland  derived  the 
rather  complicated  kernel  K  by  Fourier  transformation, 
including  tunnel  wall  boundary  conditions  to  be  automatically 
fiitnilfd  on  infinitely  eitended  walls  in  the  gene’-al  form* 

r±c,^~o  .  ..  .  (7.n) 
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where  Cy,  denotes  a  specific  wall  parameter.  1'iic  limiting 
cases  of  solid  walls  and  free  jet  arc  included  in  (7.1.^).  when 

c^s=0  -♦  p  =  4>  =  0  (free  jet)  , 

(7.14) 

c^*oo  -»  dpjdy^a  -*  =  0  (closed  wall)  . 

(.see  also  Chapter  6). 

Thus,  the  effects  of  ventilated  walls  are  described  by  certain 
values  of  Cw  .  but  the  dependence  of  Cw  upon  the  kind  of 
walls,  their  opening  ratio  and  perhaps  Mach  number  and 
reduced  frequency  is  unclear  and  would  have  to  be  studied 
systematically  by  comparison  with  experiments. 

Bland's  method  was  completed  by  Fromme  and  Golberg 
[7.8 ,  7.9]  ,  who  improved  the  nunrwrical  performance  of  the 
solution  method  and  extended  it  to  general  oscillation  modes, 
including  Hap  motions.  They  obtained  results  showing  clearly 
the  unsteady  wall  effects,  especially  the  sharp  drops  in  mag¬ 
nitude  of  the  loads  and  their  phase  jumps  in  the  case  of 
acoustic  resonance  ,  sec  Fig.7.7  ■  Wall  effects  arc  .signiHcant 
in  the  whole  frequency  regime  and  wall-influcnccd  loads  arc 
bigger/smaller  than  the  corresponding  free  stream  values  for 
closed/open  walls,  which  is  well-known  for  steady  or  quasi- 
steady  (low.  In  particular,  the  strong  changes  in  phase  deserve 
special  attention. 

This  numerical  method  provides  exact  reference  results,  but  it 
is  restricted  to  2d  flows  and  to  the  regime  of  linear  compres¬ 
sibility,  i.  c.  constant  Mach  number  in  the  whole  flow  field. 
It  hardly  appears  possible  to  extend  this  method  to  Id  or 
transonic  flow. 

The  following  numerical  approach,  elaborated  recently  at 
DLR/Cidttingen  and  to  be  published  in  Rcr[7.19]  .  is  more 
flexible.  It  is  also  based  on  the  2d  linear  Fq.(7.l),  hut  can  be 
extended  to  3d  and  even  transonic  flow  as  shown  later.  Withm 
the  framework  of  linearised  unsteady  theory  (small  amplitudes 
of  oscillation)  the  position  of  the  airfoil,  its  wake  and  the  walls 
may  be  assumed  to  he  approximately  parallel  to  the  x-axis.  see 
Flg,7.l.  The  airfoil  is  located  midway  between  the  tunnel 
wall.s,  a  distance  h  away  from  them.  Then,  as  fully  described 
in  Rcr.C7.l9]  ,  this  2d  boundary  value  problem  can  be  solved 
by  application  of  (ireen  s  theorem: 


*=  if  •  '■  =  +  .  (’  ifi) 

is  Green's  function  which  satisfies  Bquation  (7.6)  and 
Sommerfeld's  far-field  radiation  condition  according  to 
nq.(7.7).  The  integration  contour  C  and  the  integration  path 
run  along  the  boundaries  of  the  control  volume  and  along 
those  boundaries  where  <p  is  discontinuous,  sec  Fig.7.8.  For 
free  flight  conditions,  infinite  boundaries  have  no  effect.  I'hus. 
only  the  profile  contour  and  the  wake  line  have  to  be  taken 
into  account.  For  flows  in  a  wind  tunnel  the  integration  path 
also  has  to  run  along  the  tunnel  walls.  As  a  final  result  one 
obtains  an  analytical  relationship  between  the  downwash  w 
at  the  airfoil,  which  is  prescribed  by  the  airfoil's  oscillatory 
motion,  and  the  unsteady  potential  value  /  and  the  normal 
unsteady  velocity  component  g  at  the  walls, 

d0  fdy  at  the  profile  ,  J 

on  the  walls  ,  >  (7.17) 

g  ••  d0  f  dy  on  the  walls  ,  J 

in  terms  of  the  following  set  of  integral  equations: 
w—  +  ,4,/+ 

/-  /If' («<<)>  +  »,»)  .  >  (7.IS) 

g~  Co'(C»<p  +  C,/)  J 


Pitching  oscillation*  about  O.S-chord  axis 


09.7  7:  Lift  coefticient  Ic^l  and  phase  angle  <f>,_  of  an  airfoil 

performing  harmonic  pitching  oscillations  about  the 
O.S-chord  axis  in  the  case  of  acoustir  resonance 
(adapted  from  Ref.[7  8j) 


These  equations  relate  the  downwash  distribution  iv  to  an 
unknown  dipole  distribution  ,  which  provides  the 

unsteady  pressure  jump  at  the  airfoil  by  taking  the  unsteady 
flow  values /  and  g  at  the  windtunncl  walls  into  account. 
A  ,  A, ,  At,  /if, ,  li ,  and  G.  G.  G,  arc  known  integral 
operators  (kernel  functions). 

For  the  numerical  solution  of  (7.18)  the  wing  profile  and  the 
walls  are  divided  into  line  elements  (panels)  on  which 
J?  ate  approximated  constant  for  each  discrete 
step.  The  dipole  strength  in  the  wake  in  subsonic  flow  Is 
approximated  by  the  values  near  the  trailing  edge  and  by  use 
of  the  Kutta  condition.  Since  the  unsteady  potential  lunction, 
especially  downstream  of  the  airfoil,  decreases  only  slowly,  sec 
Flg.7.2,  the  control  area  of  the  integral  equation  should  he 
extended  over  .several  chords  (at  least  tO  upstream  and  10 
downstream,  a.s  numerical  tests  have  shown).  Applying  this 
panel  technique,  or  any  other  straight-forward  <1  D-ictb- 
nique  for  the  numerical  solution  of  nqs.(7, 18).  the  latter  will 
be  transferred  to  a  corresponding  system  of  linear  algebraic 
equations,  where  A,  A,,  At.  Bo,  B,  /?i .  Gn,  C.  G,  are 
now  the  known  aerodynamic  influence  cocfTicicni  matrices 
replacing  the  integral  operators,  and  where  w  ,  tS(i> .  /.  g  arc 
now  column  vectors  of  the  correponding  values  at  the  airfoil 
and  at  the  wall  control  points.  For  the  cases  of  soliil  and  open 
watts,  ISqs.(7.!8>  simplify  to  the  closed  forms, 

solid  walls  :  g  =  0  w  =  (A  +  A^  Bq'  B)fi((>  .  1 

r 

open  walls  :  f  ^  0  w  ^  {A  +  A2  Cq  C)S<p  .  \ 


from  which  the  (wall-afTccled)  potential  jumps  cV/j  ,  and 
hence  the  related  unsteady  pressures,  can  be  calciilfiicd  for  a 
prc.scribcd  downwash  w  ,  i.  c.  oscillatory  motion  of  the  air¬ 
foil. 


• -  IntBQivtion  path 

— —  Hormol  vector 

X  Inlegrolion  area  h  terms  at  Oreen's  tunctian 


FI9.7J:  inteoraltoA  path  and  integration  area  applying 

Oreen's  theorem  for  the  solutfon  of  Eq  (7  1) 
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In  Flgs.7.9  '7.11  some  typical  results  obtained  from  this 
numerical  method  are  illustrated.  Figs.7.9  and  7.10  show  the 
wall-influenced  and  free  stream  pressure  jumps  in  terms  of  the 
non-dimensional  complex  unsteady  pressure  coclTicicnt 
At,  =  “•  Pfxm)  Kgm.  •  Aa)  (with  —  free  stream  dynamic- 

pressure  and  Aa  »  pitching  amplitude)  on  a  2d  plate,  per¬ 
forming  harmonic  pitching  oscillations  about  the  0.42.Vchord 
axis,  and  on  an  oscillating  flap  for  the  same  Mach  number 
Af.  ,  reduced  frequency  k  and  wall  distance  hjl. .  Again  it 
can  be  seen  that  solid  walls  increase  the  loads  while  open  walls 
produce  the  opposite  elTect.  Fig.7.11  shows  the  pressure  jump 
Ar,  for  the  same  conditions  as  in  Fig. 7,9  ,  except  (hat  the 
reduced  frequency  has  been  changed  so  that  it  is  close  to  the 
first  solid  wall  resonance  frequency.  It  can  he  seen  that  both 
the  real  part  Ac^  and  the  imaginary  part  Ar^  arc  nearly  zero. 


7.5.2  Application  ofNumcrical  Methods  for  Correction  of  20 
Experimental  Results 

If  it  is  possible  to  measure  the  unsteady  wall  pressure  distrib¬ 
utions  during  the  test,  they  can  be  u.sikl  to  correct  the  wall- 
inOuenced  unsteady  pressure  data  at  the  model  to  corre¬ 
sponding  rrec.stream  valuc.s.  .Such  wall  pressure  nreasurements 
are  a  basic  requisite  in  all  steady  flow  adaptive  wall  concepts. 
In  this  case  unsteady  wall  pressure  data  (in  amplitude  and 
{^ase)  can  also  readily  be  rneasured.  Then  the  aforc-mcn- 
tioned  numerical  correction  technique  can  he  applied  in  the 
way  described  in  Rer.[7.19]  as  follows. 

From  the  experimental  unsteady  (harmonic)  wall  pressure 
distributions  cf  the  corresponding  potentials  at  the 
walls  can  be  obtained  from 

w  w  ,  .  k  at  ,n 

cp  =  -  2  -f- ( je  (7.20) 


.1(6  k  «  .050  b/L  a  5  pitching  oscillation  about  0.a2S  -  chord  axli 


F1g.7.9:  Complex  unsteady  pressure  coefficient  Ac„  of  an  aiHoil  perlorminq  harmonic  pitching 

oscHtaOons  about  (he  0  425-chofd  axis  a(  different  wall  conditions 


«  .100  k  «  .050  b/L  •  5  t.e.  flap  oscillation  about  0.75  ■*  chord  axis 


PIO.7.10; 


Complex  unsteady  pressure  coefficient  Ac,  of  an  airfoil  with  harmonically  oscillating 
flap  at  different  wall  conditions 


=  .666  ’a  s  ,182  b/L  >  5  pitching  o»cIilatton  about  0.42S  -  chord  axis 


Ffg./.llr  Complex  unsteady  pressure  coefTicieot  Ac^  of  an  airfoil  performing  harmonic  pitching 
oscillations  about  the  0  425'Chord  axis  at  a  reduced  frequency  k  close  to  the  Tirst  solid 
wall  resonance  condition 


and  hence 


-ill 


Cp  (4)  exp 


(ft 


(7-21) 


The  wall  pressures  have  to  he  measured  at  enough  points 
upstream  and  downstream  of  the  model  within  the  area  of 
integration.  Then,  from  nqs.(7.l8),  one  obtains  an  integral 
equation  for  the  wall-affected  dipole  distribution  <%/>*  on  the 
model: 

M  +  A-,  C,-'  Qiv'  ^  w-  (/(,  +  /(,  Q-'  r,)  v""  .  (7.22) 

or 

Af' =  w  -  Ai*  =  w  -  w"'  .  (7.2,'() 


should  be  mentioned  that  .loncs  in  his  2tl  correction  iccli- 
nique.  sec  Rcr.[7.2<)],  took  llic  walls  into  account  b\  an  infi¬ 
nite  scries  of  image  singularity  distributions  b\  which  he 
derived  a  correction  technique  for  wall  inlcrfcrcncr  in  sub- 
sonic  flow. 


7.5.3  nxtension  to  21)  I'ran.sonic  Plow 

An  extension  of  the  correction  method  dcscril-'cd  in  Ref 

[7.19]  to  2d  tran.sonic  flow  is  possible,  if 

a)  the  unsteady  flow’  field  may  still  be  trcaicil  as  a 

small  harmonic  disturbance  of  the  sicailv  tran¬ 
sonic  flow  field  (i.c.  small  amplitude  of  harmonic 
oscillations). 


It  can  be  seen  that  the  wall  effects  change  the  downwash  and 
the  kernel  of  the  integral  equation,  compared  to  the  corre- 
.sponding  free  stream  equation 

A  <5e»  w  (7-24) 


b)  the  .steady  transonic  flow  field  is  well  adapted  (no 

steady  wall  interference)  and  known  and  the 
extension  of  .supersonic  regions  in  the  wind  tunnel 
te.st  section  is  significantly  smaller  than  the  v>’all 
distance  from  the  model. 


Substition  orEq.(7.24)  in  (7,2.1),  finally,  yields  the  following 
integral  equation: 

=  AA<e-  ,  (7.2.S) 

in  wh  ell  the  kernel  functions  (influence  cocnUcicnt  matrices) 
A,  A*  and  At*  are  known  from  theory;  (and  hence 

Ac^*)  on  the  model  and  <p^  at  the  wind  tunnel  walls  (see 
nq.(7.2l))  arc  known  from  experiment.  Thus,  l:q.(7.2.5)  can 
be  used  for  correction  of  the  measured  wall'influcnccd  Ac,* 
•distributions  on  the  model  in  order  to  obtain  the  corre¬ 
sponding  free  stream  values  or  Ar,  ,  respectively. 
Numerical  solution  of  Fq.(7.2.5)  can  again  be  performed  by 
means  ofCrD-techniques. 

It  should  be  mentioned  that  Sawada  [7.12]  arrived  in  his  cor¬ 
rection  technique,  where  he  also  applied  (irecn's  theorem,  at 
a  formulation  similar  to  1^.(7. 25).  1'hc  advantage  of  his 
approach  is,  that  the  pressure  distributions  at  the  walls  and 
at  the  model  appear  directly  in  his  integral  equations.  Rut  the 
kernels  of  these  equations  are  rather  complicatcti  functions. 
The  results  he  obtained  are  encouraging  for  low  frequencies 
but  are  not  as  good  in  the  vicinity  of  the  resonance  iVcqucn- 
ctes.  Nevertheless,  for  2d  subsonic  flow,  this  could  be  a 
promising  unsteady  wall  correction  procedure,  but  an  exten¬ 
sion  to  3d  and  transonic  flow  and  to  more  complicated  (clas¬ 
tic)  mode  shapes  of  the  oscillating  model  appears  to  be 
extremely  difllcult.  Finally,  for  the  sake  of  completeness,  it 


From  a)  it  follows,  that  the  unsteady  flow  may  he  described 
by  a  complex  velocity  potential  amplitude  function  «/*  which 
is  governed  by  the  lime  linearised  fSP-cquation  (7.2).  t  hen, 
for  harmonic  oscillations  according  to  I:q.(7.1)  and  applying 
transformations  expressed  by  Ilqs.(7,4)  and  (7.5),  the 
TSP-equation  (7.2)  takes  the  form  of  an  inhomogeneous 
Helmholtz  equation: 

-f  <p--  +  — 

=  +  ^(y+  <l>°  {<!>;+  ir.(i>^  (7,2fi) 

=■  S{q>) 

A  direct  integral  equation  method  for  the  solution  of  this 
equation  under  free  stream  conditions  is  described  in  Ref. 
[7.21]  •  This  numerical  computation  technique  can  equally  be 
ai^lied  to  |»'ovidc  corrections  for  2d  unsteady  transonic  wall 
effects,  where  a  wan-inlcrrcrcncc-rrcc  steady  transonic  Oow 
(by  application  of  adaptive  walls)  would  be  a  prerequisite. 
FIf7.  12  shows  the  region  of  integration  for  this  transonic 
boundary  value  problem,  fhe  additional  ncar-ncld  control 
area  B  comprises  the  local  supersonic  regions  and  can  be 
represented  by  a  rather  limited  number  of  additional 
unknowns.  Then,  an  integral  equation  problem  can  be  for¬ 
mulated  for  closed  walls  as  well  as  for  the  free  stream  condi¬ 
tion,  and  henc'C  for  their  difference,  which  is  (he  potential  of 
the  desired  correction: 


98 


^  wall  panals 


compratslbillty 
source  panels 


local  supersonic  '^dipoles  on  proflla 

regions 

V7777777777777777777777777777777; 


wall  panels 


Fig. 7.12:  Region  of  integration  for  the  soluHon  of  the  transonic 

2d  boundary  value  problem  including  the  additional 
near-field  control  area  6 


J  ^ («1  -  </)  ^5  -  I  I  S(«>  -  V)  rf/  = 

=  -  J  «>'" 

on  the  proftlc  and 

J  i{(f  -  </)  +  {v  -  (/)  -  j  j  s(<i>  -  iff)  ill  dr  = 

=  -  J 


(7.27) 


(7.28) 


in  field  control  points  of  R  .  where  <p'  denotes  the  free 
stream  disturbance  potential.  nqs.(7.27)  and  (7.2S)  can  be 
solved  by  the  numerical  method  described  in  Rcf.[7.2l].  I  or 
ventilated  walls  the  integral  equation  would  also  contain  nor¬ 
mal  velocity  terms  at  the  walls  Thc.se  terms  would  have  to  he 
eliminated  hy  mixed  boundary  conditions  as  formulated  in 
nq.(7.13)  by  introducing  Ihc  unknown  wall  parameter  r.  . 


7. .5,4  Extension  to  31)  Problems  and  Application  of  I  iniic 
Difference  Methods 

In  Rer[7.22J  Garner  ct  alii  developed  a  3d  correction  method 
for  ventilated  tunnel  walls  by  describing  the  wall  infiucnccs 
through  an  infinite  scries  of  images  of  the  vortex  distributions 
representing  the  model.  This  method  has  been  modified  in 
Rcr[7.(7J  for  closed  walls,  and  its  applicability  was  controlled 
by  comparing  calculated  and  experimental  pressure  data  at 
(he  wails.  Both  methods  arc  restricted  to  low  a.spcct  ratio 
models  and  to  low  reduced  frequencies  (quasi-stcady  fiow). 

3d  wall  correction  by  application  of  the  integral  equation 
method  described  in  the  previous  sections  for  2d  flow  will  need 
a  great  number  yv  of  panels  for  representation  of  the  walls 
(typically  several  hundred),  thus  demanding  vast  computer 
storage  space  ( for  the  calculation  of  the  aerodynamic 
influence  coefficients  and  long  compufing  time  (  /V')  for 

inversion  of  the  influence  matrices. 

A  significant  simplification,  especially  for  complex  wind  tun¬ 
nel  models,  might  he  possible  by  neglecting  in  Tqs.(7.27)  and 
(7.28)  those  terms  which  simulate  the  model.  In  Rcf[7.23J 
Ashill  and  Keating  have  shown  for  steady  subsonic  wall 
interference  that  this  simplification  is  justified  if  cqtiivalcnt 
free  stream  velocities  and  model  shapes  can  be  {Icfincd.  An 
alternative  would  be  the  use  of  finite  difference  methods.  Rut 
in  this  case,  the  formulation  of  the  unsteady  problem  in  terms 
of  the  Helmholtz  equation  is  not  adequate  because  it  would 
introduce  severe  numerical  difficulties.  In  Rcr.(7.24}  it  has 
been  shown,  that  for  finite  difTcrcncc  solution  of  liq.(7,6)  or 
nq.(7.26)  a  limited  upper  reduced  frequency  exists.  Relaxation 
methods  converge  only  below  this  limit.  I'or  the  wind  tunnel 
problem  its  value  just  equals  the  lowest  tunnel  resonance  fre¬ 
quency. 


This  difficulty  can  be  overcome  by  formulation  of  die  problem 
in  the  time  domain  (such  as  nq.(7.|)  and  IUi.(7.2))  aitd  then 
appl»'''*»ion  of  AI)I-solution  methods.  Assuming  again  validi¬ 
ty  of  a  linearised  unsteady  potential  equation  (subsonic  or 
transonic  time  linearisation),  the  difference  between  free 
stream  and  wind  tunnel  flow  also  satisfies  this  cqtialion.  I'or 
example  in  2d  subsonic  flow  the  potential  torrcclion 
(4^  -  4>),  based  on  rq.(7.1),  is: 


^  dxdr 


{y-  *)  - 


y  4i)  =  0 

di 


(7.29) 


While  boundary  conditions  at  the  model  arc  unchanged  by 
wall  effects,  thus  yielding  zero  downwash  for  the  potential 
correction,  the  other  boundary  conditions  have  to  be  fiarmu- 
latcd  carefully,  f'or  the  free  stream  ease  non-rcfictfing  boun- 
darj'  conditions,  as  given  in  Refs, [7. 2.^1  and  [7,26].  have  to 
be  used  at  the  walls  as  well  as  on  upstream  and  downstream 
boundaries.  Tor  the  subsonic  problem  these  boundary  condi¬ 
tions  read: 

mL  a/ 

±  — =V  -irr  "  •  f"'  17.  w) 


Tor  closed  tunnel  walls  we  have: 

=0  .  4>  =  (f>  (experimenta') 


This  yields  the  following  boundary  conditions  |nr  the  cor¬ 
rection  potential  (4/  -  (p) : 


1  -  Mi 


Ml  ^ 
~  I  -  Mi, 


(7.11) 


at  walls. 


It  is  clear  that  such  3d  unsteady  wall  correction  techniques 
based  on  experimentally  determined  wall  boundnrx  conditions 
may  presently  appear  rather  prospective.  However,  with  the 
further  development  of  3d  adaptive  wall  concepts  together 
with  further  improvements  in  (TO  methods,  such  hybrid 
wind  tunnel  wall  correction  techniques  mav  soon  reach 
maturity. 


7.6  Concluding  Remarks 

Adaptive  wind  tunnel  walls,  already  successfully  applied  to 
eliminate  steady  flow  wall  interference,  cannot  readily  he 
applied  in  the  same  manner  to  (motion-induced)  unsteady 
flow  fields,  liven  in  the  ease  of  2d  unsteady  flow,  wall  adap¬ 
tation  would  require  trcmcndcous  technical  effort:  3d  adaptive 
walls  for  unsteady  flow  fields  lie  beyond  the  realm  o I  practi¬ 
cability.  However,  as  unsteady  aerodynamic  processes  may 
also  strongly  be  affected  by  steady  flow  wall  interference, 
application  of  steady  flow  wall  adaptation  would  also  consid¬ 
erably  improve  unsteady  aerodynamic  wind  tunnel  lest  results. 
Thus,  steady  flow  wall  adaptation  with  the  possibility  to  also 
measure  (after  the  steady  flow  adaptation)  unsteady  wall 
pressure  data,  together  with  the  application  of  advanced 
(.T'l)-lcchniqucs  which  take  the  measured  unsteady  wind 
tunnel  wall  data  into  account  in  formulating  precise  tunnel 
wall  boundary  condilion.s,  is  most  promising  in  the  develop¬ 
ment  of  new  numerical  techniques  for  correction  of  wall 
interference  in  unsteady  flow,  idahoration  of  such  hybrid 
correction  techniques,  and  their  experimental  verification  by 
corresponding  systematic  wind  tunnel  measurements,  is  a 
challenging  field  of  future  aerodynamic  research.  It  would 
contribute  substantially  to  a  new  generation  of  advanced  wind 
tunnel  technology. 


99 


7.7  References 


[7.1]  Mokry.M..  C'han.Y  Y..  Jones. I7.J.  l'wo-f)UwnutuMl  Wind 
Tunrtfl  Wall  Ininfercnrf.  Chaplfr  H:  Dnxttady  W'tdl  Intrrfrr- 
encex  AGARJTograph  No,2S|  (1983).  pp.l3l  l58 

[7.2]  lamboume.N.;  Osluyndcr.R.;  Kienappel.K  ;  R<>i>s.R-  Com- 
paralive  Mea  mrementx  in  Four  European  Wind  Tunnch  of  the 
Vnxteady  Prentures  on  an  Osrillaiing  Mode!  il'he  NORA 
lixperimenl.r).  A(iARl)  Report  No. 67.1  (1980) 

[7..1]  Moore, A.W.;  Wight. K.C.  An  F^perimenial  Inveuigalhn  of 
Wind-Tunrtel  Wall  Condiliom  for  Interference- Fn'e  Oynamic 
Meamremenh.  ARC  RAM  .171.5(1969) 

[7.4]  landahl.M.r.  UnUeadv  Tranxonic  Flow  Pcrg-imon  l*fc« 
(1961). 

[7.,S]  l..amboume.N.  Wind  Tunnel  Wall  Interference  in  t'nueady 
Tranxonic  Texting  AGARI)  VKI  lecture  Series  1981-4 
(1981). 

[7.6]  Bergh.ll  Zwaan.R.  Pre.xent  Statuf  of  Vnxteady  Aenrdynomicx 
for  Lifting  ^wfacex  ACJARD  ('I‘  46  (1970) 

[7.7]  Gland.xS.R.  The  Two-Dhnenxionaf  Oxcillating  Airfoil  in  a  Wind 
Tunnel  in  Suhxonic  Flow.  SIAM  J.  Appl  Math.  Vol  18 
(1970),  pp  8.10-848. 

[7.8]  l•'romfneJ.A.i  Oolberg.M-A-  Vnxteady  Two-Dimenxional  Air¬ 
loads  Acting  on  Oscillating  Thin  Airfoils  in  Suhxonic  f  cniilated 
Wind  Tunnels  NASA  CR  2967  (1978). 

[79]  Ffomme.I.A.;  (lolhcrg.M.A.  Aerodynamic  Interference 
Effects  on  Oxcillating  Airfoilx  with  Controls  in  Ventilated  Wind 
Tunnels  AIAA  J..  Vol.|8  (1980).  pp.4|7.426 

[7.10]  <iamcf.ll.<'.  Theoretical  Use  o]  Variable  Poroxitc  in  Slotted 
Tunrtefs  for  Minimizing  Wall  Interference  on  Ovnaaxic  Meas¬ 
urements.  ARC  RAM  1706  (1971) 

[7.11]  Plalzcr.M.r  Wind  Tunnel  Interference  on  Oscillating  Airfoils 
in  Ijyw  Supersonic.  Flow.  Acta  Mochanica,  Vol.  16  (1971). 
pp,  115-126 

[7.12]  Sawada.lf.  A  New  Method  of  Estimating  Wind  Tunnel  Wall 
Interference  in  Vnxteady  Two- Dimensional  Flow.  NR<' 
No  21274(198.1). 


(7  1.1]  Runyan.ll.f . :  Walkins.C  Iv  Consideration  on  the  Effect  of 
Wind  Tunnel  Walls  on  0.xcillating  Air  Forces  for  Two-Dimen¬ 
sional  Subsonic  Compressible  Flow.  NACA  Report  1150 
(1951) 

[7.14]  Runyan, II. I Woolslon.D S.;  Raincy.A.G  Theoretical  and 
Experimental  Investigation  of  the  Effect  on  Tunnel  Walls  on  the 
Forces  on  an  Oscillating  Airfoil  in  Two-Dimensional  Suhxonic 
Compressible  Flow.  NACA  Report  1262  (1955) 

[7.15]  Mahcy,0.<i  Resonance  Frequencies  of  Ventilated  Wind  Tun¬ 
nels  AIAA  J.,  Vol.18  (1980).  pp  7-8 

[7.16]  Mahcy.O.G.  The  Reduction  of  Dynamic  Interference  by 
Soxind- Absorbing  Walls  in  the  RAF.  .?  ft  Wind  lunnel  RAl' 
TR  77120  ((977) 

[7  17]  Kuc/ka.I).  Uybridverfahren  fiir  instaliondrc  Mexxungen  in 
tronssonixchen  Windkandlen  am  Beixpiel  der  htumonischen 
Nickschwingung.  DIWI-R-PR  88-19(1988). 

[7.18]  Powio.C  L'azione  aerodinamica  sul  proftlo  oscillanic  in  un 
fhiido  comprexxibile  a  vclociia  iposonora  I  'Aerotcehnica. 
Vol  18  (19.18).  pp  441-458 

[7.19]  VoB.R.  Prediction  and  Correction  of  linxteady  Wind  Tunnel 
Wall  Effects  on  Oxedhting  Airfoils  Ol’V!  R  l  II  to  appear 

(1989) 

[7.20]  Jones.M.A.  Wind-Tunnel  Wad  Interference  Effct  lx  on  Oscil¬ 
lating  Airfoils  in  Subsonic  Flow.  ARC  RAM  2941  ( 1951) 

[7.21]  Gciftler.W.;  VoB.R.  Investigations  of  the  Vnsteady  Airloads 
with  O.scillatirtg  Control  in  Sub-  and  Transonic  Flows  in:  Proc 
Isl  InI.Rymp.on  Acroclasticity.  1X3I.R  Report  82-01  (1982) 

[7.22]  Gamer, II.C-  The  Theory  of  Interference  Effects  on  Dynamic 
Measurements  in  Slotted-  Wall  Tunnels  at  Subsonic  Speeds  and 
Comparisons  with  Experiment.  AR(r  RAM  1500  (J968). 

[7.21]  AahiO.P.R  ;  Keating, R.P  A.  Calculation  of  lunnel  Wall 
Interference  from  Wall- Pressure  Mcasuremcmx  RAP  IR 
85086(1985). 

[7.24]  nhlcfs.l’.P..;  Wcatherill.W.II.  A  Harmonic  Ana/y\is  Mcihi^d 
for  Vnsteady  Transonic  ITow  and  It  s  Application  lo  the  Fhmcr 
of  Airfoils  NASACR  1517  (1982) 

[7.2.5]  Pngquiat.n.;  Majda.A-  Radiation  Boundary  Cnoditiotts  for 
Acoustic  and  Elastic  Wave  Calculations  ('oimn  Pure  and 
Appl.  Math..  Vol  .12  (1979)  pp.1l1.1S7. 

[7.26]  Kwak.D.  Non-Reflec.ling  Far-Field  Boundary  t  'onditions  for 
Vnsteady  Transonic  Flow  Compulation.  AIAA  .1  .  Vol  |9 
(1981).  pp  1401-1407 


100 


8  Conclutloni  and  reconunendationi 

E«ditor:  H.  G.  Homung 

Other  contributora:  All  WG12  members 

6.1  Summary  of  the  work 

A  number  recent  activities  of  AGARD’s  Fluid  Dy- 
namics  Panel  have  been  related  to  the  assessment  or  im> 
provement  of  the  accuracy  of  wind  tunnel  results  (8.1, 8.2, 
8.3,  8.4,  8.5,  8.6].  The  work  documented  in  this  report 
continues  this  general  effort.  The  accuracy  of  wind  tunnel 
simulation  in  the  high  subsonic  and  low  supersonic  speed 
range  is  severely  limited  by  wall  interference.  It  is  in  this 
commercially  and  militarily  important  speed  range  that 
the  efforts  of  adaptive>wall  technology  have  been  concen¬ 
trated.  Although  adaptive>wall  techniques  have  also  been 
applied  to  high-blockage  and  high-lift  situations  at  low 
speeds,  Working  Group  12  restricitid  its  attention  almost 
exclusively  to  the  transonic  speed  range. 

The  report  begins  with  an  historical  introduction  set¬ 
ting  out  the  aims  of  adiq)tive-wall  technology  and  de^icrib- 
ing  the  early  work  and  developmen'  in  the  period  up  to 
the  AGARD  meeting  in  tx)ndon,  October  1975  [8.6j.  This 
marks  an  important  date  because  the  pace  of  develop¬ 
ments  increased  significantly  at  about  that  tiiae. 

WG  12  was  able  to  make  good  use  of  previous  and 
ongoing  activities,  such  as  meetings  and  reviews  of  re¬ 
cent  years  [8.7,  8.8,  8.9,  8.10|.  A  very  important  vehicle 
for  the  dissemination  of  new  information  in  the  field,  the 
Newsletter  *Adaptive  Wall,”  produced  by  NASA  LaRC, 
provided  the  opportunity  to  send  out  a  questionnaire  to 
assess  the  state  of  existing  facilities  as  well  as  adaptation 
methods  and  algorithms.  This  was  an  essential  starting 
point  of  the  work.  The  responses  to  this  questionnaire  are 
documented  in  detail  in  the  Appendix  and  a  description 
of  the  facilities  is  given  in  chapter  2. 

The  response  to  the  questionnaire  also  provided  In¬ 
formation  about  the  different  methods  and  algorithms  for 
adaptation.  These  are  discussed  within  the  framework  of 
a  common  theory  and  notation  in  chapter  3.  The  struc¬ 
ture  of  the  discussion  divides  the  test  section  types  into 
four  categories  according  to  whether  the  adaptation  is 
two  or  three-dimensional  and  whether  the  walls  are  im¬ 
permeable  and  flexible  or  ventilated  and  rigid.  In  the 
case  of  rigid  ventilated  walls  the  interface  at  which  outer 
and  inner  flows  are  matched  is  necessarily  located  within 
the  flow  field,  so  that  the  noeasurements  at  the  interface 
(typically  static  pressure  and  normal  velocity),  needed  for 
ad^tation,  are  much  more  time-consuming  and  difficult 
to  obtain  than  in  the  case  of  impermeable  flexible  walls, 
for  which  the  matching  interface  is  the  wall  (typically  wall 
static  pressure  and  wall  displacement).  However,  for  near- 
sonic  and  supersonic  free  stream  flows,  perforated  walls 
are  still  considered  to  be  superior  although  the  position 
may  change  as  a  result  of  new  research. 

From  the  point  of  view  of  wall  adaptation,  it  is  useful 
to  subdivide  the  speed  range  into  three  groups: 

Group  1:  Flows  with  subsonic  free  stream,  in  which 
locally  supersonic  regions  may  occur  near  the 
model,  but  where  the  walls  are  in  a  region  well 
represented  by  the  linearised  compressible  flow 
equations. 

Group  2:  Flows  with  subsonic  free  stream  in  which  the 
nonlinear  regime  in  unconfined  flow  would  ex¬ 
tend  beyond  the  walls. 

Group  3:  Flows  in  which  the  free  stream  is  supersonic 
and  near  sonic. 


Most  of  the  algorithm  development  auid  most  of  the  ex¬ 
perimental  work  has  been  in  Group  1.  Many  algorithms 
exist  and  it  is  generally  recognized  that  the  wall  adap¬ 
tation  may  be  achieved  effectively  in  one  iteration  step. 
This  applies  equally  for  two-  and  three-dimensional  flows. 

The  strategy  of  wall  adaptation  for  Group  2  flows  is 
an  easy  extension  from  the  procedure  for  Group  1  involv¬ 
ing  only  a  more  laborious  computation  of  the  external 
flow.  However,  the  adaptation  may  not  be  achieved  in  a 
single  step.  Much  less  experimental  work  has  been  done 
in  this  regime. 

Only  a  small  number  of  investigations  have  studied 
the  low  supersonic  flow  regime.  Typically,  experimental 
work  concentrated  on  the  problem  of  canceling  an  isolated 
shock  wave  that  impinges  on  the  wall,  by  means  of  wall 
shaping. 

Chapter  3  also  presents  selected  experimental  re¬ 
sults  emphasising  in  particular  systematic  investigations 
in  which  experiments  were  made  using  the  same  model 
in  different  wind  tunnels,  or  models  of  different  scale  in 
the  same  wind  tunnel.  Other  critical  repeat  tests,  e.g., 
with  rotation  the  test  section,  or  with  lateral  displace¬ 
ment  of  the  model,  are  also  highlighted.  These  clearly 
demonstrate  the  efficacy  of  wall  adaptation  schemes  for 
Group  1  flows  and  allow  the  assessment  of  residual  wall 
interferences  or  of  the  quality  of  adaptation. 

Chapter  3  concludes  by  pointing  out  that  the  need 
for  wall  adaptation  is  particularly  gn  at  in  Group  2  flows^ 
because  it  is  these  that  make  conventional  techniques 
(ventilated  walls  with  Wall  Interference  Assessment  and 
Correction,  WIAC)  ineffective.  Adaptation  would  render 
the  residual  Interferences  small  or  at  least  correct.^ble  by 
WIAC. 

Many  three-dimensional  flows  in  Groups  1  and  2  pro¬ 
duce  wall  interference  distributions  that  may  be  can<  eled 
almost  completely  by  two-dimensional  adaptation.  Ad¬ 
vantages  over  three-dimensional  adaptation  such  as  be  ter 
optical  accessibility  and  much-reduced  complexity  hwe 
led  to  a  number  of  investigations  of  two-dimensional  adap¬ 
tation  for  three-dimensional  flows.  This  is  the  subject  of 
chapter  4.  The  wall  adaptation  is  used  to  cancel  wall 
interference  along  a  selected  target  line  within  the  test 
section  and  to  determine  and  correct  for  the  residual  wall 
interference.  Only  impermeable  flexible  wall  configura¬ 
tions  have  been  used  for  this  type  of  adaptation. 

The  various  methods  and  algorithms  applied  by  dif¬ 
ferent  research  groups  are  discussed  and  examples  of  re¬ 
sults  presented.  Particular  attention  is  given  to  large  as- 
oect  ratio  wings  or  wing  body  configurations.  S3r8tem- 
atk  investigations  giving  the  residual  wall  interference  for 
high  blockage  ratio  experiments  demonstrate  the  efficacy 
of  this  strategy.  Tsrpically,  the  residual  wall  interference 
can  be  reduced  to  below  the  minimum  non-uniformity 
achievable  in  modem  wind  tunnels.  An  interesting  result 
is  that  there  are  advantages  in  having  a  rectangular  rather 
than  a  square  test  section. 

Chapter  5  discusses  the  prospects  of  using  adaptive- 
wall  technology  in  wind  tunnels  designed  for  high- 
productivlty  industrial  testing.  The  need  to  acquire  data 
rigidly,  e.g.,  in  a  continuous  angle-of-attack  sweep,  makes 
It  necessary  to  use  predktive  adaptation  strategies,  as 
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well  as  to  use  extremely  fast  algorithms  and  wall  control 
technology  to  permit  live  adaptation.  The  results  of  this 
discussion  are  based  on  numerical  modeling  of  the  sit* 
uation  and  some  experimental  evidence.  Chapter  5  con¬ 
cludes  that  for  high-productivity  tests  up  to  high  subsonic 
Mach  numben,  two-dimensional  adaptation  of  imperme¬ 
able  walls  is  most  desirable.  It  is  essential  that  a  sat¬ 
isfactory  predietive  algorithm  be  developed.  A  possible 
strategy  is  discussed.  For  near-sonic  free  stream  condi¬ 
tions  ventilated  walls  remain  unrivaled. 

Any  work  on  accuracy  improvement  must  compare 
conventional  with  new  techniques  and  provide  a  measure 
by  which  to  judge  the  improvement.  To  this  end,  Chap¬ 
ter  6  discusses  the  limits  of  adaptation  in  view  of  resid¬ 
ual  interferences  in  comparison  with  conventional  WIAC 
techniques  as  well  as  the  development  of  the  latter.  Con¬ 
sequently,  a  large  part  of  chapter  6  is  devoted  to  the  dis¬ 
cussion  tA  the  development  of  various  modem  WIAC  tech¬ 
niques.  It  is  concluded  that  in  this  field  there  exists  a  con¬ 
siderable  need  to  validate  theoretically  well-established 
techniques  for  Group  2  flows. 

An  important  limitation  of  wall  adaptation  tech¬ 
niques  is  the  effect  of  the  presence  of  the  model  on  the 
wall  boundary  layer.  Depending  on  the  flow  regime,  the 
effect  on  the  displacement  thickness  can  be  quite  signifi¬ 
cant.  This  is  especially  true  in  two-dimensional  flows  and 
for  wall-mounted  half  models.  In  order  to  correct  for  this 
effect,  it  is  necessary  to  make  measurements  or  at  least  ap¬ 
proximate  computations  of  the  side-wall  boundary  layer. 
This  effect  is,  of  course,  not  peculiar  to  adaptive-wall  test 
sections,  but,  because  wall  interference  effects  are  dra¬ 
matically  reduced,  it  plays  a  more  important  role  among 
the  remaining  uncertainties. 

Clear  advantages  of  adaptive-wall  technology  are 
seen  in  the  much-increased  tolerable  blockage  ratio  over 
that  of  ventilated  walls  at  the  same  level  of  residual  in¬ 
terference.  This  means  higher  flow  quality,  much  lower 
drive  power,  lower  residual  (and  correctable)  interference 
at  the  same  Reynolds  number.  Perforated  walls  are  still 
seen  to  be  the  best  practical  method  for  Group  3  flows. 

Chc:>trr  7  considers  the  possibility  of  achieving  par¬ 
tial  adaptation  of  unsteady  flows.  After  a  discussion  of 
theory  and  experimental  results  in  unsteady  transonic 
flows  it  is  clearly  argued  that  full  adaptation  is  practically 
impossible.  However,  initial  successes  point  to  a  method 
by  which  much-improved  accuracy  can  be  obtained  by 
ad^ting  for  a  mean  steady  flow  and  measuring  the  un¬ 
steady  wall  pressure  distribution  in  order  to  correct  for 
the  unsteady  component  by  computational  techniques. 

$.3  Conclusions  and  recommondatlont 

The  rapid  development  of  the  potential  of  comput¬ 
ers  and  of  computational  fluid  dynamics  over  the  last  2S 
years  has  made  CFD  an  equal  partner  to  the  traditional 
wind  tunnel  simulation  in  the  aerodynamic  design  and  de¬ 
velopment  of  aircraft.  It  has  also  considerably  increased 
the  demand  for  as;curacy  of  wind  tunnel  data  by  the  cus¬ 
tomers  of  production  wind  tunnels.  The  adaptive  wall 
technique  repreeente  a  significant  step  towards  meeting 
this  demand.  It  is  a  prime  example  of  the  symbioeis  of 
experiment  and  'omputation,  a  phenomenon  of  which  we 
are  likely  to  see  very  many  more  examples  in  the  future. 

From  the  aaessment  of  the  state  of  the  art  by  WG  12 
it  has  become  clear  that  the  adaptive  wall  technique  has 
been  applied  successfully  in  many  wind  tunnels.  The  re¬ 
sults  from  these  experiments  have  largely  confirmed  theo¬ 
retical  expectations,  though  most  of  the  experiments  have 


been  concentrated  on  Group  1  flows.  As  regards  Group  1 
flows,  a  stage  has  been  reached,  at  which  wall  adaptation 
with  impermeable  flexible  wails  can  be  incorporated  with 
confidence  in  the  design  and  construction  of  future  wind 
tunnels  both  for  research  and  production  facilities. 

However,  a  number  of  open  questions  remain  for  fu¬ 
ture  research.  These  are  particularly  evident  in  the  areas 
of  adaptation  for  the  upper  end  of  Group  2  flows  and  in 
Group  3  flows. 

In  the  flow  regimes  where  the  adaptive  wall  technique 
has  been  tested  extensively,  it  provides  a  number  of  sig¬ 
nificant  advantages  over  the  conventional  approach.  In 
contradistinction  to  WIAC  techniques,  it  does  not  require 
interpretation  of  the  effects  of  wall-induced  disturbances 
on  the  nonlinear  flow  over  the  model.  Residual  interfer¬ 
ences  remain  only  in  the  form  of  linear  perturbations  on  a 
nonlinear  flow.  The  spatial  averages  of  these  can  be  read¬ 
ily  corrected,  because  the  boundary  conditions  are  well- 
defined  by  measurements.  It  is  recommended  that  resid¬ 
ual  interferences  be  quantified  and  expressed  in  WIAC- 
like  terms.  Depending  on  the  constraints  of  aspect  ratio 
and  tunnel  width,  there  is  a  clear  size  advantage,  block¬ 
age  ratios  of  up  to  7  times  traditional  values  being  toler¬ 
able.  The  power  requirements  at  a  given  mode)  size  are 
thus  dramatically  reduced.  Furthermore,  the  power  per 
umt  cross  sectional  area  is  also  reduced  with  imperme¬ 
able  adaptive  walls.  Flow  quality  is  increased.  Effects 
due  to  wall  interference  may  be  decoupled  from  those 
due  to  Reynolds  number.  The  productivity  of  existing 
automated  adaptive-wall  wind  tunnels  compares  favor¬ 
ably  with  that  of  conventional  wind  tunnels,  because  the 
desired  free-stream  conditions  can  be  obtained  directly, 
without  interpolation,  thus  minimizing  the  requirements 
for  test  matrix  size.  While  the  predictive  strategy  advo¬ 
cated  In  chapter  5  requires  residual  corrections,  it  does 
enable  testing  in  continuous  sweeps. 

8.3.1  Group  1  flows 

The  technique  using  impermeable  flexible  walls  is 
clearly  superior  to  that  with  rigid  ventilated  walls,  be¬ 
cause  of  the  relative  speed  and  accuracy  of  obtaining  mea¬ 
surements  on  the  control  surface.  Other  advantages  de¬ 
rive  from  the  smooth  wall:  Reduced  power,  increased  flow 
quality. 

Incorporation  of  the  flexible  adaptive-wall  technique 
is  definitely  recommended  for  large-scale  wind  tunnels  de¬ 
signed  for  two-dimensional  testing.  The  technique  using 
two  adaptive  walls  for  three-dimensional  flows  (see  chap¬ 
ter  4)  has  been  tested  in  several  laboratories.  It  provides 
a  s^ificant  improvement  over  conventional  wind  tunnels 
as  regards  accuracy  as  well  as  the  advantage  of  better  de¬ 
fined  boundary  conditions  for  correction  of  the  residual  in¬ 
terferences.  The  technological  difficulties  associated  with 
the  technique  are  minor  compared  with  those  of  three- 
dimensional  adaptation  methods.  The  technology  is  well 
proven  even  in  cryogenic  conditions  in  a  large  nun^er  of 
cycles  without  maintenance,  e.g.  T2  (Toulouse),  TCT 
(LaRC). 

A  new  wind  tunnel  for  this  category  is  recommended 
to  incorporate  two  flexible  adaptive  walls  in  its  design. 

8.3.3  Group  3  flows 

Much  less  experience  has  been  obtained  in  this  area. 
The  work  accomplished  both  with  impermeable  flexible 
and  with  perforated  rigid  walls  Indicates  that  more  ex¬ 
perience  is  nesdsd,  before  it  is  possible  to  make  definite 
recommendations  committing  funds  to  a  production  fa- 
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cUity.  The  perforated  rigid  wall  technique  is  far  from 
being  practicable  in  this  regime,  and  with  impenneable 
walls  the  difficulty  of  reducing  reflections  of  non*ptanar 
shocks  from  the  wall,  though  partially  successful  in  iso¬ 
lated  experiments,  requires  extensive  further  work.  Espe¬ 
cially  in  two-dimensional  and  half-model  testing,  the  side 
wall  boundary  layer  becomes  very  important  because  of 
the  effects  of  the  shock  wave  on  it  (though  this  is  not 
an  effect  peculiar  to  adaptive  walls,  as  pointed  out  previ¬ 
ously). 

Based  on  results  so  far,  it  is  recommended  to  test 
models  at  a  small  enough  sise  to  make  the  flow  a  Group 
1  flow  if  poesible.  This  recommendation  is  conservative 
in  the  sense  that  current  research  work  may  well  provide 
acceptable  solutions  to  the  outstanding  problems. 

8.2.3  Group  3  flows 

In  this  regime,  only  few  initial  results  are  available, 
indicating  that,  provided  a  very  high  density  of  wall  ad¬ 
justment  jacks  is  installed,  reflections  from  the  walls  may 
be  reduced  considerably.  However,  it  is  not  possible  to 
recommend  adaptive  wall  technology  for  production  wind 
tunnels  with  Group  3  flows.  As  for  Group  2  flows,  it  is 
recommended  to  test  models  at  a  small  enough  scale  so 
that  no  waves  are  reflected  onto  the  model.  Otherwise,  it 
is  necessary  to  continue  production  testing  with  conven¬ 
tional  perforated-wall  testing. 

8.3.4  Unsteady  flows 

Adaptation  of  the  unsteady  part  of  the  flow  is  im¬ 
practicable.  The  technique  of  adapting  for  the  steady 
component  of  the  flow  and  measuring  the  unsteady  wall 
pressure  distribution  so  that  the  remaining  interference 
can  be  determined  and  corrected  is  most  promising,  as 
has  already  been  demonstrated  in  three-dimensional  flow 
|7.17{.  This  technique  is  particularly  recommended  if  non¬ 
linear  interactions  between  steady  and  unsteady  compo¬ 
nents  of  the  flow  are  to  be  expected,  e.g.  in  near-sonic 
flows  for  which  the  non-ad^ted  tunnel  would  be  choked. 
Further  development  this  approach  is  recommended. 
This  method  may  readily  be  extended  to  production  use. 

8.3  Recommended  research  areas 

There  are,  of  course,  many  directions  in  which  re¬ 
search  might  proceed  in  order  to  try  to  provide  solutions 
for  the  many  open  questions  that  remain.  Rather  than 
be  exhaustive  in  this  section,  the  Working  Group  singled 
out  a  few  particularly  important  areas.  These  are 

•  Systematic  inter-tunnel  experiments  of  the  same 
model,  including  testa  in  conventional  tunnels  in  or¬ 
der  to  teet  quantitatively  the  advantage  provided 
by  wall  ad^taticm  and  the  well-deftncdness  of  the 
boondary  conditions.  It  is  recommended  that  two- 
and  ihree-dimenaional  flows  be  tested. 

s  Devefeproent  and  demonstration  of  predictive  strate¬ 
gies  for  use  in  production  type  wind  tunnels  (see 
ch^ter  6). 

•  Fhrtber  experimental  development  of  adaptive-wall 
and  residoal-correetion  meth^  for  Group  2  flows. 

•  Further  experimental  development  of  adaptive-wall 
and  rHidnaUomcttott  methods  for  Group  3  flows. 

•  ApplkatioQ  of  the  recommended  technique  for  un¬ 
steady  flows  in  tWD-diiDSiisional  adaptive-wall  tun- 
ads  for  three-dimansioaal  flows. 


•  Continued  development  of  methods  for  computing 
or  experimentally  reducing  the  effect  of  the  side- 
wall  boundary  layer  especially  for  two-dimensional 
and  half-model  testing,  equally  important  for  con¬ 
ventional  and  adaptive-wall  tunnels. 
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Appendix 

Editor  :  C.  Ciray 

Other  Contributors  :  C.  Ladson 


In  order  to  assess  the  status  and 
design  of  the  adaptive  wind  tunnels  together 
with  the  operation  and  evaluation  procedures 
throughout  the  world,  a  questionnare  was 
designed  and  sent  out  with  the  "Adaptive  Wall 
Newsletter"  at  an  early  stage  in  the  duration 
of  the  W.G  12. 

The  questions  addressing  to  the 
characteristic  features  of  the  facility, 
technology  and  strategy  of  adaptation, 
iteration  procedures,  flow  quality, 
references  related  to  works  accoeplished  fore 
the  eaterial  of  the  questionnaire. 

The  questionnaire  and  the  answers  can 
be  found  in  the  sequel.  The  answers  are 
reproduced  in  alphabetical  order  of  naee  of 
the  Nations  and  the  wind  tunnels  for  a  given 
nation  are  again  ordered  in  the  saae  Banner 
w.r  to  the  name  of  the  facility. 


The  questionnaire  is  added  at  the 
beginning  of  the  answers  in  order  to  help  the 
reader . 

The  title  page  of  the  "Adaptive  Mali 
Newlesietter"  which  was  used  to  distribute 
the  questionnaire  is  inserted  in  its  original 
foraat  in  the  following  page  just  to  express 
the  appreciation  of  the  U.G  12  to  NASA 
Langley  Research  Center  and  to  the  editor  for 
Che  wonderful  idea  of  creating  a  Newsletter 
on  Adaptive  Wall  Mind  Tunnels  and  helping  out 
with  the  distribution  of  the  questionnaire. 

Thanks  are  also  due  to  those  who  have 
very  kindly  replied  to  the  questionnaire  thus 
providing  infornation  about  adaptive  wall 
wind  tunnels  throughout  the  wold. 

It  is  hoped  that  this  Appendix  will  be 
of  soae  help  to  disseainate  the  status  of  the 
Adaptive  Mall  Wind  Tunnels  and  contribute  to 
futher  advanceaents  on  the  subject. 
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Special  Edition 


Pubfl«h«d  by  Cxp«rfm«ntdf  T«cMiqu«t  Branch 
NASA  Lon^lcy  W—orch  C«nt«r 


December  1987 


Thii  is  A  tpeciAl  edition  of  the  Adaptive  Wall  Newiletier  published  to  acquaint  you  with  the 
activities  of  the  AGARD  Fluid  Dynamics  Panel  regatdiog  adaptive  wall  wind  tunnels.  At  the 
request  of  this  panel,  Working  Croup  12.  'Adaptive  Wind  Tunnel  Wails:  Technology  and 
Applications'  was  formed  in  May  1987.  The  purpose  of  the  group  is  to  review  the  use  of 
adaptive  walls  for  both  two-  and  three-dimeniional  testing.  Guidance  criteria  will  be  established 
to  assist  the  wind  tunnel  designer  and  user.  The  direction  for  additional  research  on  the 
optimisation  of  adaptive  walls  will  also  be  addressed.  The  group  is  comprised  of  members  from 
Canada,  France,  Germany,  Italy.  Netherlands,  Turkey,  UK,  and  US. 

The  first  meeting  of  the  group  was  held  in  Gdttingen.  Germany  during  October  1987.  During 
the  course  of  the  discussions,  the  group  decided  that  the  assessment  and  interpretation  of  the 
current  level  of  the  technology  could  be  achieved  most  easily  if  the  investigators  themselves 
provided  the  information  in  a  common  formal.  This  would  minimize  the  dangers  of 
misinierpreutfon  by  third  parties  of  information  contained  in  published  papers  and  reports.  As  a 
result,  a  questionnaire  has  been  prepared  and  is  attached  to  this  special  issue  of  the  Adaptive  Wall 
Newsletter. 

The  WG  12  would  appreciate  responses  to  the  questionnaire  from  all  facilities  that  have  been  used 
for  adaptive  wall  investigations,  whether  they  are  currently  active  or  not.  The  members  of  the 
group  hope  you  are  willing  to  participate  by  completing  the  questionnaire  as  fully  as  you  can. 
Ail  North  American  responses  should  be  sent  to: 

Mr.  John  C.  Erickson,  Jt.  Telephone  (615)  454-6691 

Cabpan  Corp./AEDC  Division 
MS  600 

Arnold  AFS,  TN  37389 
USA 

All  other  responses  should  be  sent  to: 

Dr.  J.  p.  Chevaltier  Telephone  4657-1160 

ONERA 

BP  72 

F-92322  Chatilion 
FRANCE 

Please  feel  free  to  call  either  of  the  above  if  there  are  questions  you  have  about  the  form. 
Responses  to  the  questionnaire  are  requested  to  be  mailed  by  January  31.  1988. 
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QUESTIONNAIRE 

1.  Generalities  About  the  Facility 

1 . 1  Organization .  location 

1.2  Person  to  contact  for  Inforsatlon  (nase; 
position;  sailing  address;  telephone; 
telex;  telefax;  ...) 

1.3  Nase  or  other  designation  of  the  tunnel 

1.4  Purpose  (research.  pilot.  industrial 
operation,  ...) 

1.5  Current  operational  status;  if  inactive, 
date  of  lost  recent  use 

2.  Hain  Features  of  the  Facility 

2.1  Circuit  characteristics  (continuous; 
blowdown;  closed  or  open  return; 
cryogenic;  ...) 

2.2  Test  section  shape  and  size  (setric, 
please) 

2.3  Hach  number .  speed  range;  Reynolds  number 
domain 

2.4  Type  of  control  used 

2. 4.  a  Nature  of  the  wall  (impermeable; 

slotted;  perforated;  ...) 

2.4.  b  Heans  of  transverse  flow  control 

(wall  deformation;  plenum  pressure, 
global  or  segmented;  wall  porosity, 
global  or  segmented ;  . . . ) 

2.5  General  testing  capabilities 

2.5. a  20  or  3D  test;  model  configurations 

and  support 

2.5. b  Hodel.  flow  field  and  wall 

measurttent  capability  (forces; 
pressures ;  flow  angles ;  wake 
surveys :  . . . ) 

2.5.  c  Time  required  for  adaptation;  time 

required  for  model  data  acquisition 

3.  Technology  and  Strategy  of  the  Adaptation 

3 . 1  Data  used 

3.1.  a  Definition  of  the  control  surfaces 

(shape;  extent.  effective  or 
extrapolated:  closure:  ...) 

3.1. b  Nature,  number,  position,  accuracy. 

independence,  redundancy  of  the 
measured  parameters  used  for  the 
entire  flow  control  process;  please 
distinguish  among  the  flow  control 
variables.  X.  and  the  control 
surface  flow  variables  P  and  Q.  (see 
terms  of  reference) 

3.1. C  Pre-processing  of  the  data 

(filtering  recorded  data  versus 
time;  smoothing  the  data  versus 
position;  Interpolation: 

extrapolation:  . . .) 

3.2  External  Flow  Field  Computation 

3. 2.  a  Assumptions  (2D:  axisymmetric;  3D: 

periodic ; . . . ) 

3.2. b  Particular  choices  of  variables  used 


for  P  and  0  (see  terns  of  reference) 

3.2. C  Hethods  of  evaluation  (analytical; 

numerical;  range  of  application; 
e.g..  M  <  1  subritical,  H  <  1 

supercritical.  M  >  1;  ...) 

3.2. d  Output  and  its  relation  to  the 

control  variables,  X,  used 

3.2. e  Type  of  computer  and  CPU  tine 

3.3  Initialization  of  Control  Variables 

3.3.  a  Previous  test;  method  of 

extrapolation,  if  used  when 
performing  an  a  or  M  sweep 

3.3. b  Computation  (method;  input  required 

from  model  definition  or 
measurements) 

3.3. C  Configuration  representative  of  test 

section  when  used  in  convectional . 
passive  manner  (see  also  3.9.d) 

3.4  Iteration  process 

3.4.  a  Summary  of  choices  of  variables  used 

(P,  Q.  and  X  in  terns  of  reference) 

3.4.  b  Description  of  approximations  made 

with  respect  to  the  derivation  of 
Eqs.  (S)  and  (6)  in  terms  of 
reference 

3.4. C  Determination  of  influence  functions 

(experiments:  computations;  ...) 

3.4. d  Relaxation  factor  choice  (number; 

values :  . . . } 

3.4. e  Prescription  and/or  determination  of 

the  free-stream  values  (M.a)  during 
and  at  the  completion  of  the 
adaptation  process 

3.4. f  Procedure  flow  chart 

3.4. g  Usual  number  of  iterations  to 

convergence 

3.4.  h  Automation  level  of  process 

3.5  Criteria  for  end  of  iteration  loop 

3.5.  a  Control  surface  figure  of  merit:  if 

used.  give  definition,  including 
weighting 

3.5.  b  Flow  control  variable  adjustment 

criteria;  if  used.  describe 
weighting 

3.5. C  Residual  interference  perturbation 

level;  if  used,  describe  where  and 
how  calculated 

3.5. d  Model  measurements:  if  used. 

describe 

3.5.  e  Fixed  number  of  iterations;  if  used. 

give  number  and  rationale 

3.6  Residual  Interference  perturbations 

3. 6.  a  Description  of  methods  and  range  of 

application  (H  <  1.  H  >  1:  2D 

adaptation  for  2D  tests.  3D 
adaptation  for  3D  testa  accounting 
for  sidewall  boundary  layers.  3D 
adaptation  for  3D  tests.  2D 
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adaptation  for  3D  tests) 

3.6.  b  Use  of  output  (  H.  a;  tables, 

contour  plots,  ...  of  entire 
perturbation  field;  ...) 

3.7  Scope  of  testing  accoeplished 

3. 7.  a  Total  nueber  of  articles  tested 

3.7.  b  Characteristics  of  articles  tested; 

2D:  Description  (list  of  airfoil 
section  designations);  blockage; 
ratio  of  chord  length  to  test 
section  height;  H,  a  range  tested; 
...) 

3D:  Description  (body,  axlsyasetric 
or  not;  wing;  wing/body; 
wing/body /tail;  ...);  blockage; 
ratio  of  uing  span  to  test  section 
width;  ratio  of  body  length  to  test 
section  lenght;  ratio  of  total 
planfore  area  to  test  section  cross- 
section  area;  H.  a  range  tested; 
...) 

3.8  Quality  assesseent 

3. 8.  a  Eapty  tunnel  calibration,  including 

approach  to  N  »  1 

3.8.  b  Overall  tunnel  flow  quality. 

turbulence  level 

3.6.C  Validation  tests,  use  of  calibration 
sodels 

3.8. d  Repeatability,  including  approach  to 

M  s  1  (nature  of  cosparisons; 
exaeples ;  . . . ) 

3.8. e  Lisitations  in  N.  a  versus  model 

size 

3.9  Hiscellaneous  topics 

3. 9.  a  Nonstationary  testing  experience 

3.9. b  Real  gas  effects  in  cryogenic 

tunnels 

3.9. C  Boundary-layer  and  corner  flow 

effects 

3.9. d  Relationship  of  unadapted  and 

adapted  results  to  previous  results 
in  the  ease  or  slsilar  facility  with 
passive  walls  (see  also  3.3.c) 

3.9. e  Pertinent  theoretical  or  nusericaX 

siaulations  of  flow  control 
concepts;  correlation  of  siaulations 
with  experlaent 

3.10  References 

3. 10.  a  Published  papers  listed  in  the 

selected  bibliography  (Tuttle  and 
Mineck;  NASA-TN-87639)  or  in  the 
Adaptive  Wall  Newsletter  updates 

3.10. b  Other  published  papers 

3.10. C  Private  couunlcations  useful  for 

technological  details,  historical 
interest.  ... 

4.  Planned  Activity 

4.1  New  facilities 


4.3  laproveaent  of  aethods 

4.4  Cooperative  and  calibration  tests 

4.5  Routine  operational  testing 


4.2  RefurbishiMt  of  old  facilities 
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fi£l<SUS 

1.1  VKI,  BRUSSELS 

1.2  Prof. John  F.  Uendt,  Chaussde  de  Waterloo  72, 
1640  Rhode-Saint-Genese,  Belflua 

1.3  VKI  SI  Wind  Tunnel 

1 . 4  Research  &  Industrial 

1.5  Most  recent  use  for  wail  adaptation;  1962 

2.1  Continuous,  closed  return  tunnel. 

2.2  0.4  a  «  0.4  ■ 

2.3  0.4  <  M  <  l.OS  and  1.43  <  N  <  2.25 

10  <  Re  <  6*10* 

2. 4.  a.  solid  contoured  wall  blocks 

2.4.6.  wall  shapint 

2. 5.  a.  3D  test;  Stine  lounted  sodel 

2.5.6.  sodel  pressure  dlstrl6utlon 

2.5. C.  autosatic  sodel  data  acquisition 

3.1  Model  representation  by  sincularity 
distribution 

3.2  2D  Adaptation  for  3D  Flow:  Cosputation  and 
elisination  of  wall  interferences  at  the 
tunnel  centreline. 

3. 2.  a.  3D  axisysaetric 

3.2.6.  not  applicable 

3.2. C.  nuserlcal,  M  <  1  subcrltical 

3.2. d.  wall  dlsplacesent 

3.2. e.  VAX.  epu-tise  «  1  sec 

3. 3.  a.  n.a. 

3.3.6.  input  required  fros  sodel  definition 

3.3. C.  Slotted  walls 

3. 4.  a.  Wall  Interference  assesssent  by  one 

variable  aethod 

3.4.6.  n.a. 

3.4. C.  Theoretical  influence  function 

3.4. d.  One  step  aethod 

3.4. e.  Prescription  of  M, 

3.4. f.  n.a. 

3.4.1.  one  step 

3.4. h.  no  autoaation 

3.5  only  one  iteration  step 

3. 6.  a.  2D  adaptation  for  3D  test 

3.6.6.  n.a. 

3. 7.  a.  one  article  tested 

3.7.6.  90  as  ogive-cylinder  body.  4.4*  blockage 
ratio,  body  length  la,  M  •  0.7 

3. 8.  a.  aapty  tunnal  calibration 


3.8. b.  unknown 

3.8. C.  none 

3.8. d.  unknown 

3.8. e.  unknown 

3. 9.  a.  none 

3.9. b.  none 

3.9. C.  none 

3.9. d.  Relation  to  unadapted  results  and 

interference  free  reference  data  (saaller 
■odel  In  slotted  wall  test  section) 

3.9. e.  none 

3. 10.  a.  Tuttle  and  Mineck  Nr.  147 

3.10. b.  VKI  Project  Report  1981-02  (1981) 

3.10. C-  - 

4.1  - 

4.2  - 

4.3 

4.4 
A. 5 
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FRANCE 

1 . 1  ONERA  CHALAIS  MEUDON 

1.2  Andre  BETREMIEUX,  Head  of  SR  wind  tunnels, 
ETOUp  OAx6  B.P.  72  92322  CHATILLON  Cedex 
FRANCE 

Phone  (1)  45  34  75  01  ext  42  54 

TELEFAX  (1)  45  34  75  01  ext  45  25 

1.3  S4LCh  -  Laboratoire  de  M^anlque  des  Fluldes 

1.4  Research  and  pilot  wind  tunnel 

1.5  Used  for  research  but  inactive  concerning 
the  adaptation  since  1977 

2.1  Continuous,  closed  return,  aabient 
teaperature 

2.2  0.225  ■  0.225  ■;  0.7  ■  long 

2.3  0.3  <  H  <  0.90 

ex  :  H  8  0.85  T  8  313  K  p  =  1.15  b 
R  8  1.2  10*(aodel  chord  80  u) 

2. 4.  a.  Solid  side  walls,  flexible  top  and  bottoa 

wall. 

2.4.  b.  Wall  deflection  by  ten  unequally  spaced 

Jacks  for  each  wall. 

2. 5.  a.  More  generally  2  0  with  Just  a  short 

atteapt  with  a  3  0  sting  aounted  aodel. 

2.5. b.  On  the  2  D  aodels  aounted  between  side 

walls,  pressure  aeasureaents  were  obtained 
(36  pressure  holes  on  saall  airfoil 
aodel).  wake  probes  and  schlleren 
pictures . 

Pressure  aeasureaents  on  the  walls  and 
aodel  by  scanivalve.  The  tlae  required  for 
adaptation  was  very  long  for  each 
iteration  the  coaputed  Jacks  positions 
were  obtained  :  the  tlae  required  for 
aodel  and  wall  pressure  data  acquisition 
by  scanivalves  was  coaparatlvely  short 
with  tiae  to  transfer  the  data,  to  use  the 
tlae  sharing  coaputer,  to  the  wake  probing 
about  20  ain.  Due  to  recover  the  results 
the  first  step  of  adaptation  aay  consuae 
one  day  in  1974. 

3.1.  a.  Rectangular  closed  contour  for  the  2  D 

control  surface  :  2  segaents  near  the  top 

and  bottoa  wall  (parallel)  and  two  noraal 
segaents  at  the  entrance  and  exit  plane  of 
the  test  section  (2.3  C  upstreaa  and  2.9  C 
downstreaa) 

3.1. b.  The  aeasured  paraaeters  are: 

-  the  2  *  10  .  Xj  control  variables  (Jacks 
position) 

-  the  resulting  wall  shape  aeasured  with 
an  electric  coaparator  (nuaerical 
output)  with  continuous  dlsplaceaent 
along  X  axis 

-  55  pressure  holes  on  each  adaptive  wall 
(5  files,  one  between  two  consecutive 
Jacks,  one  at  the  end.  10  Jacks  per 
file. ) 

-  the  accuracy  of  the  position  of  the 
controlled  points  is  0.1  aa 

•  the  data  acquisition,  with  direct 
digital  recording  on  perforated  tape 
gives  general  uncertainties  of  s<nm 
thousandth. 

-  all  the  pressure  aeasureaents  are  not 
strictly  Independent  by  the  using  of 
only  one  transducer  with  scanivalves. 
There  are  sons  redundant  aeasureaents  on 
the  wall  shape:  jacks  position  (X)  and 


acre  or  less  continuous  recording  of  the 
wall  profile,  data  being  nuaerically 
treated  to  obtain  saooth  values  of  the 
slopes  (0). 

3.1. C.  There  is  no  filter  on  the  pressures 

aeasureaents  except  the  natural  one  due 
to  the  coaparatlvely  long  tubes  to  the 
transducer,  but  the  data  used  is  the  aean 
value  between  the  five  holes  at  the  sane 
abscissa. 

3. 2.  a.  It  is  assuaed  that  the  external  flow 

field  is  purely  2  D  and  extended  at 
infinity  in  all  directions  around  the 
quasi  >  rectangular  internal  flow  field. 

3.2.  b.  Oj  is  generally  the  noraal  coaponent  of 

perturbation  on  the  control  surface 
deduced  froa  the  wall  slopes  corrected 
for  boundary  layer  dlsplaceaent  thickness 
c<»puted  with  th  e  aeasured  speed 
distribution,  this  condition  being  in 
fact  used  on  straight  lines.  near  the 
wall.  F)*  is  generally  the  longitudinal 
c<mponent  of  the  perturbation  speed  on 
the  wall .  deduced  f rc»  the  static  and 
reservoir  pressure  aeasureaents  (and 
stagnation  teaperature). 

3.2. C.  The  functional  F)  [  0^  1  is  coaputed 

according  to  the  Mach  nuaber  (H  <  1  - 
subcritical)  with  linear  foraulation  and 
the  Prandtl  Glauert  transforaation  to 
take  account  for  coapressibility,  the 
curvilinear  integrals  are  nuaerically 
coaputed,  splitting  the  contour  into  4 
parts  :  the  real  data  being  used  on  top 
and  bottoa  liaits  and.  upstreaa  and 
downstreaa  interpolated  values  which  give 
very  saall  contribution. 

(H  >  1  supercritical),  when  soae  local 
Mach  nuaber  is  greater  than  one  a  saall 
transonic  perturbation  aethod  is  used  to 
nuaerically  obtain  F)  [(^  ]  without  need 
for  extrapolation  of  the  aeasured  data 
due  to  the  change  of  variable  X  sarctg  x/h 

3.2. e.  HP  2100  except  for  saall  transonic 

perturbation  code. 

3.3  Various  initialisations  were  used  during  this 
early  period  to  test  the  adaptation  process. 

3. 3.  a.  Start  with  straight  wall  diverging  by  the 

saall  angle-accounting  for  the  boundary 
layer  growth.  (NACA  64  A  010  .  o  =  0) 

3.3. b.  With  the  saae  aerofoil  at  a  8  6*  a  coaputed 

curvature  is  added  at  the  shapes 
previously  obtained  to  eliainate  the 
obstruction  effect 

3.3. C.  To  eliainate  the  obstruction  effect  a 

constant  area  around  the  airfoil  is  also  a 
good  starting  point  at  saall  angle  of 
attack.  In  the  saae  way  the  theoretical 
shapes  of  the  wall  were  coaputed  for  an 
inviscid  flow  at  different  diatances  of 
the  airfoil  for  the  design  of  the  adaptive 
wall  (saall  transonic  perturbation  with 
aodel  definition  (fig. 3-37-))  An  idea  of 
the  conventional  use  of  this  test  section 
is  given  with  straight  wall. 

3. 4.  a.  X  8  jacks  position 

P  *  local  longitudinal  speed  related  to 
Mach  nuaber  deduced  froa  wall  presaure 

nasureaents 

0  ■  local  tranverae  coaponent  of  the  speed 
deduced  froa  the  longitudinal  one 
according  to  the  slope. 


A-7 


3.4.b.  Despite  the  fact  that  soee  theoretical 
att^ps  were  sade  to  detersine 

theoretically  9Q^/dXj 


3.4. C.  and  experleentally  91^  /8X;  the  adjustsent 

process  by  hand  was  so  such  tlee  conausing 
that  linearisation  and  aatrices 
deteraination  and  inversion  were  not  used 
but  we  begin  to  split  the  distributions 
according  to  the  ideas  applied  later  in 
T2 

3.4. d.  but  using  at  that  tiae  only  one  relaxation 

factor  taking  account  of  the  known  global 
sensitivities  of  the  internal  and  external 
flow  in  teras  of  divergence,  enlarging, 
orientation  and  curvature  of  the  section 
and  its  aidline. 

3.4. e.  It  was  recognised  that  the  effective  Mach 

nuaber  of  a  given  test  was  acre  accurately 
deterained  by  several  local  values  than  by 
one  for  upstreaa  reference.  An  arbitrary 
weighting  function  (inverse  of  the  square 
of  the  distance  to  aodel  center)  was 
applied  to  the  difference  Q"-  ^  [q,-  .H]  ;H. 
resulting  froa  the  ainlalsatlon  of  the  sua 
of  these  weighted  differences  with  H  as 
variable.  It  is  only  after  1977  that  a 
theoretically  Justified  weighting  function 
was  applied  and  that  the  effective  flow 
direction  was  deterained  according  to  all 
the  local  slopes  *  Before  197S  the  flow 
direction  at  the  infinity  was  taken  as  the 
general  direction  of  the  chords  of  the  aid 
line  between  the  walls. 

3.4.  f.  fig. 6  -  citation  (37)/ 

3.4. g.  iterations  according  to  (37) 

3.4. h.  Absolutely  zero  level  of  autoaation. 

3. 5.  a.  After  the  ainiaisation  versus  M  to  obtain 

M«  ,  the  weighted  (by  inverse  square 
distances  at  the  test  section  center) 
differences  suaaation  Z  [<!■  ,H,  )) 

gives  a  figure  of  aerit  correspo  nding  to  a 
aean  value  ^  (Q]<  S.IO'^  According 

to  the  internal  sensitivity  of  the 
transonic  flow  it  gives  AXj  /2h  <  10*’  The 
technical  aeans  used  at  that  tine  as  well 
for  position  (before  and  after  but  not 
during  the  run).  Those  for  pressure 
aeasureaents  are  coherent  with  this 
aatching  error. 

3.5. b.  No  residual  interferences  perturbation 

level  were  deterained  but  on  a  given 
airfoil.  Caparisons  were  aade  with  a  bad 
or  good  adaptation  to  Justify  the  end  of 
the  loop  criteria  AXj  «  i  0.1  aa. 

3.6  The  lack  of  an  easy  to  use  aethod  to  coapute 
the  residual  interference  was  the  real 
activation  to  develop  later  the  CCB  aethod 
clt.  (63) 

3. 7.  a.  Two  BOdels  2  D 

3.7. b.  2D-  NACA  64  A  010 

blockage  0,044 

chord  length  60 

—  I  .  1 .1  a  —  a  0.45 

test  section  height  180 

N  <  0.866  a  «  0 

H  a  0.85  o  •  0  and  6* 

2  D  NACA  0012 

blockage  :  0.053  chord/ t.sh.  ■  0.45 
H  <  0.88  O  •  0 


M  *  0.86  a  ■  4* 

3  D.  Just  a  snail  touch  with  a  wing  body 
aodel  showing  how  saall  are  the 
perturbations  to  be  aeasured. 


3.8  Nothing,  according  to  the  aia  of  this  first 
atteapt . 

3.9. C  The  corner  flows  are  ignored  but  the 

boundary  layer  dlsplaceaent  variations  due 
to  the  airfoil  perturbation  field  are 
taken  into  account. 

3.9. d.  Soae  coaparisons  were  aade  between 

pressure  distributions  on  the  64  A  10 
airfoil  without  or  with  adaptation. 

3. 10.  a. Published  papers  listed  by  Tuttle  and 

Mineck  (NASA  TM  87  639)  No  27-31-35  - 
37  -  40  -  -56  -  57. 

3.10. b.J.P.  CHEVALLIER  -  Soufflerie  tranasonique 

autocorrectrlce.  Paper  for  Mini  Laws 
Meeting  5-6  Sept.  1974. 

3.10. C.J.P.  CHEVALLIER  Correction  de  parois  en 

transsonique  Internal  Report  ONERA  NT 
4/1865  AN  Jul.  1972. 


1.1  CHAUIS  HEUDON  (3NERA 

1.2  Yves  LSSANT,  Research  Engineer 

B.P.  72  92322  CHATILLON  Cedex  FRANCE 
phone  (1)  45  34  75  01  ext  44  28 

1.3  SS  Ch 

1.4  Research  wind  tunnel  with  2  test  sections 

l.$  Used  for  research  -  Adaptive  test  section  is 
available 

2.1  Continuous,  closed  return,  asbient 
teaperature 

2.2  0.220  a  «  0.180  a  :  0.3  a  long 

2.3  M  *  1.2  T  s  315  K  P  «  0.6  b  Re  *  7.4510 
( ^  =  1  ■) 

2.4  Solid  side  walls  -  Top  and  bottoa  walls 
adjusted  by  151  transverse  sliding  plates 
(160  aa  #  1.5  aa)  positioned  on  special 
profiles 

2. 5.  a.  2D.  3D  aodels  at  high  angle  of  attack 

are  used  when  strong  shock  waves  reach 
top  and  bottoa  walls. 

2.5.  b.  pressure  aeasureaent  on  the  aodel  and  on 

straight  lines  in  the  test  section 
aeasured  by  scanivalve  and  a  five  hole 
probe. 

2.5. C.  tiae  for  adaptation:  one  week. 

-  coaputation  with  an  Euler  code 

-  wall  deflection  by  aachining  special 
profiles  for  each  fora,  the  test  section 
Is  coBpletly  reaoved. 

3.1  pressures  aeasureaents  on  2  lines  near  the 
aodel  (about  60  aeasureaents) 

3. 2.  a.  the  external  flow  field  Is  coaputed  with  a 

2  D  Euler  code 

3.2. b.  coaparison  is  perforaed  on  the  flow 
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deviation  near  the  upper  and  lower  walls. 

3.3  CoBputatlon  on  a  CYBIR  750.  tiee  30  ein 

3.4  not  iterative  :  the  first  coaputatlon  gives 
the  right  shape.  This  shape  la  the  coeputed 
wall  shape,  not  an  average  with  shape.  This 
is  because  the  control  surface  is  in  the 
vicinity  of  the  eodel,  and  not  in  the 
vicinity  of  the  walls. 

3.5  no  variations  of  pressure  seasured  on  the 
Bodel 

3.6  too  ssall  regarding  the  ais 

3.7  2  D  21  as  diaaeter  cylinder  and  10  an 
cylinder 

3  D  :  15  delta  wing  100  «  60  aa 

3.9  no  coaparison  because  no  exterior  data 

3.10  Y.  LESANT  essals  2  0  et  3  D  A  H  <  1.2 
dans  une  veine  adaptable 

ONERA  RTS  No  39/3075  AY  Deceabre  1987 


1.1  ONBRA/CERT,  2  AVENUE  BDOUARD  BELIN 
31055  TOUUMSE  CEDEX 

FRANCE 

1.2  MI6N0SI  Andrtf  Engineer,  Head  T2  group 

ARCHAMBAUO  Jean-Plerre.  Research  engineer 
CERT  ;  telephone  :  61  55  70  44 

telex  ONECERT  521596  P 
Telecopy  :  61.55.71.72 


1.3  T2  wind  tunnel 

1.4  Research  (ONERA  and  industrial  firaa) 

1.5  Operational  activity  since  1975 
With  adaptive  walls  since  1976 
Cryogenics  activity  since  1981 

2.1  Closed  return  ;  induction  driven  ;  blowdown 
duration  ^120  s  ;  cryogenic;  pressurised 

{  ^  5  bars) 

2.2  Rectangular  test  section  length  1.4  a  »  width 
0.39  a  »  height  0.37  a 

2.3  Hach  nuaber  0.3  to  0.9 

Pressure  1  to  5  bars 

Teaperature  100  to  300  K 

Reynolds  nuaber  3  to  40  Billion  (C  a  0.2  a) 

2. 4.  a.  Solid  flexible  walls  (20  deflection) 

2.4. b.  Hall  deforaation  (upper  and  lower  walls)  ; 

fixed  plan  and  solid  lateral  walls. 

2. 5.  a.  2D  and  3D  tests 

Profiles,  swept  aodels  fixed  on  sidewall, 

centered  syaaetrical  aodels  fixed  on  a 
sting. 

2.5. b.  Pressure  :  two  or  four  walls  *  aodel. 

Shape  top  and  bottoe  walls  (2  »  16 

Jacks  and  potentioeetric  coaparators) . 
Forces  wall  or  sting  balances. 

Hake  probed  with  a  sting  (pressure 

and  teaperature). 

Teaperature  safety  control,  flow  and 
aodel  (over  and  inside) 

Special  devices  strain  gauge, 

acceleroaeter,  optical  fibers  for  the 
control  of  the  aodel  aeroelastic  behavior, 
unsteady  pressure. 


2.5.C.  Blowdown  stabilization  20  to  40  s 
adaptation  with  a  aodel  data  acquisition 
per  iteration  20  s  (3  iterations)  3D 
adaptation  with  a  aodel  data  acquisition 
per  iteration  60  s  (3  iterations).  Model 
data  acquisition  3  s. 


3.1. a.  2D  -  The  control  surface  consists  of  two 
fictitious  horizontal  planes.  These  planes 
extend  froa  >  100  H  to  ♦  100  H  (H.  test 
section  height).  They  are  placed  near  the 
highest  and  lowest  points  of  the  top  and 
bottoB  wall  streaalines  (wall  streaalines 
are  the  outher  llaits  of  the  test  section 
inviscld  flow)  in  order  to  ainiaize  the 
projection  errors  (sec  3.l.c). 

3D  >  The  3D  adaptation  process  at  T2  wind 
tunnel  is  not  a  real  adaptation  like  in 
the  reference.  He  use  t)te  "Wedeaeyer  - 
LaBarche**  aethod.  It  is  a  aethod  which 
coBputes  wall  deflections  in  order  to 
ainiaize  the  corrections  of  the  velocity 
and  the  flow  angle  on  the  aodel  axis. 
Although  we  don't  calculate  an  external 
flow  we  need  a  kind  of  reference  surface 
which  consists  of  four  flat  walls  and 
extensions  on  the  test  section  length. 


3.1.b.  Top  and  bottoa  walls  are  equipped  with 
three  pressure  tap  rows ;  one  on  the 
centerline,  two  on  the  sides  (syaaetry 
with  respect  to  the  centerline).  The 
nuaber  of  taps  and  their  use  are  presented 
in  the  following  table  (58,23  :  pressure 
hole  nuabers )  : 


0.4  aa  diaaeter 


scanivalves  or 
PSKin  progress) 


Centerline 

Left 

Right 

Top 

58-20, 3D 

23-3D 

23- 3D 

Bottoa  S6-2D,3D 

23-3D 

23-3D 

In  3D  case,  tlte  aore  interesting  row  is 
chosen  depending  on  the  aodel  location  and 
after  an  influence  coefficient  aatrix  is 
defined. 

Moveaent  of  each  flexible  wall  is  carried 
out  by  sixteen  hydraulic  jacks  which  are 
Boved  step  by  step  (unit  step  »  0.2  aa).  A 
systea  of  close-fitting  link  rods  (less 
than  0.1  BB  play)  insures  a  good  2D 
Boveaent  (vertical,  longitudinal  to  avoid 
local  wall  steps  and  large  strain  level). 
The  dlsplaceaent  of  the  flexible  wall  is 
realized  by  successive  hoaothetic  shapes. 
The  wall  shapes  are  seasured  by 

potentioaetric  coaparators  (accuracy  0.05 
BB)  aligned  with  the  jacks. 

3.I.C.  Here  are  presented  the  different  steps 
occurlng  between  the  data  acquistion  and 
the  begining  of  the  external  flow 

calculation  (2D)  or  the  correction 
deteraination  (3D). 

2D  - 

-  Data  acquisition  on  top  and  bottoa 

walls.  Each  aeasure  is  an  average  of  sixty 
values.  (See  3.1.t) 

-  Correction  coefficients  for  each  pressure 
aeasureaent 

(K,  CV  U 
U  ^ 

-  Cheng*  of  grid  ;  data  grid  (58  polnta) 
calculation  grid  (70  pointa). 

-  Mtarainatlon  of  th*  velocity  coaponenta 

ir  ,  longitudinal  and  P",  vnrtical  uith 
the  velocity  eagnltud*  and  the  wall 
atreaaline  local  alop*  (previoua 

iteration) 
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-  Projection  of  ”3*  and  P*  on  the  flat 
control  surface  takint  into  account  the 
local  vertical  gradients  of  the  velocity 
coaponents  (deduced  froa  the  horizontal 
gradlenta). 

3D  - 

A  gradient  aethod  allows  to  know  the 
velocity  on  the  reference  surface, 
starting  froa  the  velocity  aeasureaents  on 
the  deflected  walls. 

3.2.  a.  There  are  two  options  : 

-  2D  :  without  particular  assuaptlon 

-  3D  :  the  aodel  is  assuaed  to  be 
syaaetrical  with  respect  to  the  vertical 
plane  of  syaaetry  of  the  test  section, 
and  to  have  snail  lateral  extent. 

3.2.  b.  2D  -  Q  and  P  are  the  longitudinal  and  the 

vertical  coaponents  of  the  perturbation 
velocity. 

3D  -  The  adaptation  is  the  result  of  two 
separated  calculations  respectively  linked 
to  the  syaaetrical  and  the  antisynnetrical 
effects. 


*Syaaetricals(U(x)tU(x)]/2  syaaetrical 
velocity  boiicm  deflections 

(doublet. source 
effects) 

|antl8yaaetrlcal=[U(x)-U(x) ]/2  anti- 
velocity  ‘V  syaaetrical 

;  (vortex  effect)  deflections 


X=sua 

of 

deflec¬ 

tions 


3.2.C.  20  -  starting  point  :  p"  and  O"  on  the 
control  surface  (see  3.l.c.). 

-  Deterainatlon  of  the  longitudinal 
velocity  coaponent  Qf  of  the  external  flow 
(Green  function  based  on  P^}  and  the 
infinite  velocity  Q*  (see  3.4.e). 

>  Change  of  ^  in  df  «  9^  -  S.  ; 

extrapolation  of  froa  the  four  test 

section  edges  to  t  100  H  (99  points)  P  is 
also  extrapolated. 

>  0*  and  P*  are  divided  in  four  teras 

s  £  corresponding  to  the 

t  «  1,4 

four  effects  :  source  doublet,  doublet  of 
vortices,  vortex. 

-  For  each  tera,  coaputatlon  of  P  by  a 
Green  function 

6  f  ♦  100  H  0..  (I) 

f».^  (X)  .  — J  -i! - dl.D= 

'  *  -  100  H  I  -  X 

coapressibility  factor. 

-  Relaxation  of  each  tera  with  its 

relaxation  factored  ^  (i 

-  (^binatlon  of  the  four  teras  P^^  which 
gives  the  vertical  velocity  component  of 
the  external  flow  P 

-  At  the  end  of  the  external  flow 

coaputatlon,  we  know  the  velocity 

coaponents  Of  and  (both  relaxed)  on  the 
control  surface. 

Reaarka 


This  aethod  has  been  tested  in  analytical 
cases  (singularities).  So,  the  calculation 
grid  has  been  optlaized. 

The  projection  froa  the  wall  streaalines 
to  the  flat  control  surface  and  vice  versa 
allows  to  increase  the  accuracy  of  the 
result  of  a  few  per  cent. 

The  extrapolations  of  cT  and  P”  iaprove 
the  quality  of  the  Green  function 
coaputations  (6  X  up  to  IS  X  according  to 
a  single  analytical  effect  like  source, 
vortex  . . . ) . 


The  aethod  that  is  presented  above  is  in 
good  agreeaent  with  the  analytical  results 
(*  iXo  of  accuracy). 

This  procedure  has  been  applied  up  to  M  » 
0.8  with  a  large  profile  (0.2  a  chord 
12X  relative  thickness,  6.5  %  blockage 
ratio) . 

3D  - 

The  velocity  *  i  the  reference  surface 
gives  access  to  a  aodel  representation 
(singularities  distributed  on  the  aodel 
axis).  The  velocity  induced  by  iaages  of 
these  singularities  constitutes  the  part 
we  have  to  correct.  Practically,  the  wall 
shape  corrections  (syaaetrical  and 
antisyaaetrical .  see  3.2.b)  are  straight 
deduct  froa  the  data  on  the  control 
surface  by  aeans  of  two  linear  operators. 
This  process  can  start  froa  any  wall  shape 
and  is  fast  converging  (2  iterations  with 
a  good  initial  wall  shape) . 

This  aethod  has  been  successfully  applied 
up  to  M  s  0.95  with  an  axisyaaetrical 
aodel  (blockage  ratio  2%)  and  up  to  H  « 
0.8  with  airplane  half  aodels. 

3.2.d.  2D  -  The  outputs  of  the  external  flow 
calculation  are  relaxed  velocity 
coaponents  Oj  *  3,*  and  on  the  flat 
control  surface. 

-  These  coaponents  are  projected  on  the 
new  wall  streaalines  (see  3.l.c.) 


x  P, 

-  The  Integration  y(x)  *  r  - dT 

J  0/  +5. 

entry 

fits  two  new  wall  streaaline  shapes. 

-  The  viscous  layer  is  added  to  these  wall 
streaaline  shapes  to  get  the  new  wall 
shapes.  The  viscous  layer  of  each  flexible 
wall  is  coaposed  of  the  displaceaent 
thickness  of  its  own  boundary  layer 
(calculated  with  pressure  distribution) 
and  the  displaceaent  thickness  of  one 
sidewall  boundary  layer  (considered  as  a 
flat  plate) 

’  Finally,  an  interpolation  froa  the 
calculation  grid  to  the  Jack  grid  gives 
the  flow  control  variable  (J  s  i,2 
.. .32) 

3D  -  The  wall  shape  corrections  issue  of 
the  wall  interference  free  flow  3.2.c.  are 
directly  added  to  update  the  wall 
streaalines. 

The  processing  leading  to  the  control  flow 
variable  X  is  identical  to  the  2D  one 
des'-ribed  above. 

3.2. e.  2D  :  HP  F  1000  CpU  tiae  -  2  8. 

3D  :  HP  A  900  Cpu  tiae  s  4  s. 

3.3.  a.  Usually,  the  result  of  a  previous  test  is 

taken  to  initialize  the  control  variables. 
The  best  way  is  to  realize  a  H  sweep  for 
the  saae  angle  of  attack. 

3.3. b.  2D  - 

For  a  2D  case,  estiaated  wall  shapes  can 
be  coaputed  by  a  singularity  aethod  which 
is  coupled  with  the  blowdown  prograa  set. 
Singularities  are  distributed  on  the  aodel 
(doublets)  and  the  approxiaate  aerodynaaic 
coefficients  (drag  sources  lift-^ 
vortices) . 

3.3. C.  Since  1982,  all  tests  are  carried  out  with 

the  adaptation  processing  (20  or  3D). 

3. 4.  a.  See  3.2.b,  3.2.c,  3.2.d. 
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3.4. b.  In  the  T2  ediptation  procedures  (20  and 

3D),  there  is  no  adjusteent  of  the  control 
variables  in  teres  of  control  effect 
eatrices. 

20  -  The  velocity  exponent  and  0^  are 
relaxed  between  the  eeasured  value 
(internal  flow)  and  the  external  coeputed 
flow  (see  3.2.C).  Relaxation  factors  have 
been  optieized  for  each  effect  (doublet, 
source  . . . ) 

30  -  In  30  case,  a  sieple  relaxation 
between  the  two  jack  position  sets 
(eeasured  data  and  coeputed  by  the 
external  flow)  is  soeetlees  used 
(relaxation  factor  ■  O.S). 

3.4. C.  No  Influence  function  used. 

3.4. d.  20  - 

As  noted  in  3.2.C.,  the  velocity 
coaponents  P  and  0  are  divided  in  four 
terns  (source  ,  doublet,  vortex,  doublet  of 
vortices)  and  each  tera  has  its  own 
relaxation  factor  (see  3.i0)<j. 

A  nuaerical  slaulatlon  of  this  relaxation 
process,  aade  for  each  tera  with  a  linear 
internal  flow  calculation,  fits  an 
optialzed  set  of  relaxation  factors. 


Doublet 

Source 

Vortex 

Vortex 

doublet 

O.S 

0.25 

0.65 

0.6 

u. 

O.S 

0.75 

0.3S 

0.4 

These  factors  are  currently  used  for  the 
test. 

We  can  deaonstrate  the  two  relations  : 

Up  •  1  for  each  effect. 

CUp  «  £  Up  «  2 

4  teras  4  terns 

(cancellation  of  a  local  deflection) . 

30  •  see  3.4.b. 

3,4.e.  2D  - 

The  prescribed  value  of  a(anile  of  attack) 
is  the  real  free-streaa  value  at  the 

coapletion  of  the  adaptation.  Indeed,  the 
adaptation  aethod  drives  local  ?i  ^ 
toward  zero  at  the  convergence. 

-  During  the  blowdown,  the  coaputer  is 
adjusting  a  second  throat  located 
downstreaa  the  test  section  and  so  holds 
the  upstreaa  Mach  nuaber  close  to  the 
prescribed  value. 

But  the  free-streaa  Hach  nuaber  used  in 
the  adaptation  process  is  calculated  by 
the  following  correction  foraula  deduced 
froa  the  Capeller  -  Chevallier  >  Bouniol 
correction  aethod: 

![«!"-  (5.  ♦  0(  )]  H(X)  dx  •  0 
top  and  bottoB 
control  aurface 

Hhare: 

^ia  the  lonfitudlnal  velocity  aeaaureaent 
projected  on  the  control  aurface. 

0|  le  the  longitudinal  perturbation 
velocity  calculated  by  an  external  flow 
calculation  with  rT  aa  boundary  condition 
(like  in  3.2.C.,  for  the  deterelnatlon  of 
Pi  (OT  )  )• 

H(x)  is  a  weighting  function  which  gives 
heavy  weight  at  the  vicinity  of  the  aodel. 

is  the  unknown  free^strean  velocity. 

The  free-streaa  Hach  nuaber  calculated 


like  this  is  Bore  coherent  with  the  flow 
surrounding  the  aodel. 

At  the  coapletion  of  the  adaptation,  we 
observe  that  upstreaa  aeasured  Hach  nuaber 
and  free'Streaa  calculated  one  are  very 
close  to  each  other  (difference  i  0.005) 
independently  of  the  weighting  function. 

3D  - 

After  each  test,  free-streaa  values  (M.  a) 
are  adjusted  by  a  correction  aethod  (see 
3.6). 

3.4.  f.  Plow  chart 

2D  3D 

3.4. g.  2D  >  3  to  5  iterations  (5  when  test  starts 

froa  flat  wall  streaalines) . 

3D  -  2  to  3  iterations. 

3.4. h.  During  the  first  part  of  a  test,  wall 

shapes  are  initialized  and  paraaeters  are 
prescribed  (notably  the  free^strean  Hach 
nuaber  and  the  total  nuaber  of 
iterations).  After  that.  all  the 
adaptation  procedure  is  autoaatic. 

3. 5.  a.  Not  used. 

3.5. b.  The  control  of  the  convergence  process 

needs  3  or  acre  Iterations.  This  control 
can  be  aade  on  the  successive  wall  shapes, 
the  Hach  nuaber  distribution  at  the  walls 
and  the  aeasureaents  on  the  aodel  (strong 
weight).  Usually  the  test  section  is 

considered  to  be  adapted  if  two  successive 
wall  shapes  are  identical. 

(unit  Jack  step  <  0.2  aa.  jX  -  X|!  O.l  aa) 
calculate  Jack 

(Generally,  if  this  criteria  is  verified, 
the  others  are  also  correct,  because  the 
blowdown  regulation  insures  a  good 

stabilization  of  the  flow  paraaeters. 

3.5. C.  Not  used. 

3.5. d.  The  convergence  of  the  Hach  nuaber 

distribution  on  the  aodel  is  used  to 
control  that  the  adaptation  is  correctly 
reached .  Generally  we  can  observe  an 

alternate  and  well  daaped  convergence. 

3.5. e.  Usually  4  iterations  are  fixed. 

3. 6.  a.  2D  - 

Assessaent  of  residual  interferences  (for 
Hd)  gives  AH  V  i  0.002  and  Aa  *  ±  0.020* 
(approxiaations) . 

Sidewall  boundary  layer  effect  (O.l  to 
0.2*)  is  studied  (visualizations,  sidewall 
deflection,  sidewall  reaoval). 

3D  - 

The  adaptation  aethod  is  based  on  a  30 
calculation  but  the  control  is  aade  by  a 
2D  wall  deflection. 

After  each  test,  a  correction  calculation 
gives  local  residual  corrections  of  H  and 
o.  The  aethod  (ONIRA  >  Le  Sant)  uses  a 
aodel  represe.itation  (singularities)  which 
is  coeputed  with  the  wall  signatures.  (The 
four  tap  rows  on  each  flexible  walls). 

For  an  airplane  half  aodel  (swept 
size/test  section  width  •  80  2)  the 
infinite  Hach  nuaber  correction  after 
adaptation  has  the  saae  order  of  aagnitude 
than  the  2D  discrepancy  (t  0.002)  while 
the  gradient  3H/8X  is  negligible.  The 
angle  of  attack  correction  Is 
approxiaately  0.2*  in  the  alddle  of  the 
wing,  at  great  lifting  case. 


A'll 


3.6. b.  See  3. 6. a. 

3. 7.  a.  Articles  tested: 

•  6  airfoils 

-  S  syseetrical  centered  aodels 

-  1  swept  wins 

-  2  half  aodels  fixed  at  a  sidewall. 


3.7  b 

2D  81ocka|«(X)  Chord  M«  <i  Cryotanle 

H»itht(X>  tett« 


Teat  of  an  airfoil  [Total  pressure  3b:Total 
at  Reynolds«6sl0*  •  teaperature  ■  290  K 

Total  pressure  1.7b;  Total 
teaperature  «  190  K 

-saae  result  on  the  airfoil> 

3.8.d.  The  repeatability  on  the  aeasured  lift 
coefficient  (deduced  froa  the  pressure)  is 
equal  to  t  0.01  between  tests  separated  by 
a  taking  to  pieces. 


NACA  12  4.9  40 

CAST  7  3.9  32 

CAST  7  4.9  40 

CAST  7  «.S  S4 

CAST  10  5.0  49 

Industrial 

airfoil  5.0  40 


0.6/0.05  -2/*6  NO 

0.76  -2/*3  NO 

0.7/0.70  -2/^11  YES 

0. 6/0.0  -2/*3.5  NO 

0.7/0  765  -2/«2  YES 

0.73  0/«4  YES 


3.8.e. 


A  lot  Of  tests  with  the  CAST  7  airfoil 
allows  to  deteraine  an  exaaple  of 
liaitations  in  H,  a  for  chord 

-  s  54*  . 


weight 


30 


■Kim  ipan  Body  l«ntht  Total  clanfora  area 
Teat  section  Teat  section  Teat  section  Croat 
width  V  lenfht  section  area 


Naii«  Type  Blockaie 

\ 

t 

1 

X 

/ 

X  H 

Cryogenic 
a/M  tests 

C5  axlsveeetrlc 
body 

0.3 

12 

0.6/0.97 

0 

NO 

CS 

1.0 

29 

0.6/0.95 

O*and0* 

NO 

Airpiarve 

0.2S 

IS 

9 

0.7 

-3/*6 

NO 

Canard  Airplane 
•od#! 

a*l$ve»«trlc 
Cylinder  body  35 

57 

0.7/0.05 

©.a/oo 

< 

0 

NO 

NO 

Industrial  swept 

•odel  wine 

5.7 

100 

0.0 

♦2/0 

YI0 

ASOi  wlnf/body 

2.0 

06 

47 

0.6/0. a 

-2/0 

NO 

Industrial 

•odel  Hinf/bodY 

00 

53 

0  70 

YES 

The  airfoil  is  placed  at  H/4 
beneath  the  aid  height. 

It  is  interesting  to  point  out  that  the  3D 
effects  are  acre  restrictive  than  the  non¬ 
linearity  Halt. 

3. 9.  a.  Soae  tests  on  nonstationary  phenoaena  have 

been  carried  out. 

-  The  oscillation  shock  wave  on  an  airfoil 
in  buffeting  configuration  has  been 
characterized  with  pressure  and  laser 
aeasureaents . 

-  The  buffeting  phenoaena  on  a  body-wing 
Bodel  has  been  studied  with  nonstationary 
pressure  transducers,  an  acceleroaeter ,  a 
strain  gauge  and  optical  fibers. 

3.9. b.  Ho  experlaental  study  of  real  gas  effects 

in  cryogenic  operation. 


3.8.  a.  Eapty  tunnel  calibration  consists  of  two 

tests  : 

-  First,  a  local  treataent  of  tl'<e  wall 
pressure  allows  to  saooth  soae  buap 
effects  near  the  test  section 

(Au  3  (K|Cp)^  /  8,  ).u  This  treataent  is 
then  applied  during  real  tests. 

-  Secondly,  an  adaptation  of  the  eapty 
test  section  leads  to  diverge  flexible 
wall  shapes  and  zero  gradient  of  velocity 
versus  longitudinal  direction.  This  shows 
the  good  accounting  of  the  boundary 
layers . 

3.8.  b.  Tly  boundary  layer  noise  is  approxiaately 

-  s  3*10‘’  in  the  range  l  Hz  to 

q 

20  kHz.  _ _ 

Vir*  , 

The  turbulence  level  - ar  lo 

U«. 

3.8. C.  -  We  have  no  experience  with  calibration 

Bodel. 

-  We  carry  out  soae  tests 


3.9. C.  Several  series  of  tests  led  to  the 

knowledge  of  the  lateral  boundary  layer  by 
aeans  of  probing  and  visualizations.  These 
tests  have  been  carried  out  with  an 
airfoil  and  a  wing-body  aodel,  in 
unadapted  and  adapted  test  sections.  The 
deforaation  of  the  lateral  walls  as  well 
as  the  suction  of  the  side  wall  boundary 
layer  and  the  corner  flow  around  the 

airfoil  root  is  also  studied. 

3.9. d.  Coaparisons  : 

-  CATEur  HC07.  -  CAST  7  airfoil  tested  in 
seven  varied  facilities.  -  CAST  10  airfoil 

-  DFVLR  ;  NASA;  ONERA  cooperation. 

3.9. e.  Slaulation  of  lateral  deflections  by 

singularity  coaputation  (linear  3D}  in 

progress. 

3.10.8.  Selected  bibliography  (Tuttle  and  Mineck; 
NASA-TM-B7839}  ONERA/CERT 
T2  transonic,  cryogenic. 
80,115,121,123,127,128,130,132,151,165,168 
173,174,179,189,190,203,208,212,213. 
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Saae  airfoil  [  -  at  aid  height  1 
located  in  <  -  et  H/4  beneath 
the  test  I  the  aid  height 
section  ‘ 


Saae  airfoil  ] 
Chord  •  120  > 

ISO. 

200  as 


evolution  of  the 


Saae  result  on 
the  airfoil;  good 
check  of  the 
entire  adaptation 
process . 

lateral  effects. 


ARCHAHBAUD  J 
DOR  J.B. 
PATRY  H.J. 
LAHARCHE  L. 


P. Iterative  adaptation  of  the 
2D  walls  of  the  T2  wind 
tunnel  around  an 

axiayaaetric  CS  aodel  with 
variation  of  Hach  nuaber  at 
zero  Incidence  and  one  test 
with  indicence. 

ONERA/CIRT  R.T.  OA  No 
35/3075  AND  -  March  1986- 
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SERAUDIE  A.  Report  on  testa  of  a  CAST 

BLANCHARD  A.  10  airfoil  with  fixed 

BRSIL  J.F.  transition  in  the  T2 

transonic  cryogenic  wind 
tunnel  with  self  adaptive 
walla. 

ONSRA  R.T.  OA  No  63/1685. 


30 


ARCHAHBAUD  J.P. Initial 
DOR  J.B. 

HIGNOSI  A. 

LAHARCHE  L. 


BLANCHARD  A. 
PAYRY  M.J. 
BREIL  J.F. 


testing  of 


the 

adaptation  of  the  two 
dieensional  self-adapting 
walls  of  the  French  T2  wind 
tunnel  around  three- 

dieensional  aodels. 

ONERA  R.T.  OA  No  33/7075  - 
Septeaber  1965- 

Tests  with  three- 

dleensional  adaptation 
using  the  rectangular 
working  section  of  the 

French  T2  wind  tunnel  with 
a  type  AS07  swept  wing  half 
model  installed. 

ONSRA  R.T.  OA  No  34/3075  - 
Noveeber  1985  - 


3.10. b.  Nothing 

3.10. C.  Nothing 

4.1  No 

4.2  leproveeents  of  lateral  boundary  conditions. 

4.3  30  sethod.  Lateral  boundary  layer  accounting. 

4.4  It  will  be  useful  to  carry  out  some 
calibration  tests  with  30  reference  eodels  in 
the  framework  of  cooperative  program. 

4.5  Use  of  adaptation  processes  (20  and  30)  for 
current  studies  (see  1.4) 


2D 


I 


GERMANY 

1.1  DFVLR  GOTTINGEN 

1.2  E.UedMeyer,  DFVLR,  Bunsenstrasse  10,  3400 

Gottingen 

1.3  Rubber  Tube  Test  Section  of  High  Speed  Uind 
Tunnel 

1.4  Research,  Industrial  Operation 

1.5  Used  for  Research 

2.1  Vacuus  storage  blowdown  wind  tunnel 

2.2  0.0  a  diaseter,  2.4  a  long  cylindrical  rubber 
tube 

2.3  0.2  1  H  <  0.93  ;  0.4*10*<  Rsu  <  10^  (t*  0.1 

-/*; ) ' 

2. 4.  a.  laperaeable  walls 

2.4. b.  Uall  deforaation  by  64  Jacks 

2. 5.  a.  3-0  test:  sodels  with  sting  support 

2.5.  b.  Pressure  aeasureaent  on  the  aodel  and  on 

the  walls  by  PSI-systea  and  aodel  force 
aeasureaent  with  internal  balances. 

2.5. C.  Tlae  for  adaptation  2-10  ainutes  depending 

on  initial  wall  setting.  Tiae  for  aodel 
data  acquisition  ca.  5  seconds. 

3.1.  a.  The  cylindrical  walls  are  used  as  control 

surface,  closure  by  extrapolation  of  wall- 
data  at  the  entrance-and  exit  plane  of 
test  section 

3.1. b.  Uall  dlsplaceaent  and  wall  pressure  are 

aeasured  at  the  stations  of  the  64  jacks. 
Of  128  pressure  taps  each  two  pressure 
are  averaged  to  give  the  64  pressures  at 
the  Jack  stations.  Uall  displacesent  is 
seasured  by  counting  the  steps  of  the  64 
stepping  Botors  and  as  a  check ,  by 
potentioseters. 

3.1. C.  Uall  pressures  (Cf  -  values)  are  corrected 

by  subtracting  the  corresponding  Cp  values 
of  the  straight  espty  test  section. 

3. 2.  a.  a-disensional  flow  field 

3.2. b  Variables  P  *  wall  pressure,  0  «  wall 

displacesent 

3.2.  c.  Nuserical  evaluation.  For  subcritical 

conditions  at  the  wall  linearized  flow  is 
assused  (one  step  eethod). 

3.2. d.  The  output  '’wall  displacesent”  is 

identical  with  the  control  variable  "jack 
position" 

3.2. e.  IBM  4301.  CPU-tise:  2  sec. 

3. 3.  a.  Previous  test 

3.3. b.  Coaputatlon  based  on  wall  data 

3.3. C.  Uall  setting  so  as  to  cospensate  boundary 

layer  growth. 

3. 4.  a.  0  m  wall  pressure,  P  «  X  >  wall 

displaceeent 
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3.4. C.  Influence  functions  by  cosputatlon 

3.4. d.  - 

3.4. e.  <H,  a}  are  prescribed  and  detersined  by 

flow  conditions  at  nozzle  exit 


3.4. f. 


3.4.g.  Depending  on  Mach  nusb-ar  1  to  2  iterations 


3.4.  h.  Fully  autosatic 

3. 5.  a.  End  of  iteration  if  0.005 

3.5. b.  - 

3.5. C.  Residual  interferences  not  calculated  and 

assused  to  be  negligible. 

3.5. d.  not  applicable 

3.5. e.  not  applicable 

3.6.  a.  not  applicable 

3.6.  b.  not  applicable 

3. 7.  a.  Nunber  of  articles  tested:  10 

3.7. b.  1.  FFA-Spindle.  3.1  %  blockage 

2.  0NERA-C5.  3.6  X  blockage 

3.  AGARD  Calibration  sodels.  3.SX  and  1  % 
blockage 

4.  Standard  Dynasics  Model  (non  stationary 
testing) 

5.  65*  swept  Delta  wing  (VOMO).  Av'At-O.lb 

6.  0NERA-M3,  span  /  ^/JTt  •  0.67 

7.  30*  swept  wing  pressure  distr.  sodel, 
span/v/A^  «  0.76 

0.  Fighter  sodel;  A»/A,  >0.23 
9.  Fighter  sodel;  «  0.13 

10.  20*  cone-cylinder-sodel  for  supersonic 
testing,  2  %  blockage 

A»  s  Uing  planfors  area 

At  «  Tunnel  cross  section  area 

0  <  a  <  20*  ;  0.4  <  N  <0.94 

3.0. a.  Espty  tunnel  was  calibrated  up  to  H  sO.95 

3.8. b.  Turbulence  level  not  known 

3.6. C.  Calibration  sodels  used  to  cospare  data 

with  interference  free  reference  data 

3.8. d.  Repeatability  was  tested 

3.6. e.  Mach  nusber  is  llrlted  to  M  <  0.95 

because  of  wavyness  of  walls 

3. 9.  a.  Dynaslc  sodel  testing:  Uall  adaptation 

stationary  flow.  Non  stationary  wall 
pressure  seasuraents  fros  which  dynaslc 
wall  interferences  were  calculated 

3.9.  b.  not  applicable 

3.9. C.  Calibration  of  espty  teat  section,  taking 

into  a  account  b/(  displacesent 
thickness.  Change  of  boundary  layer  due  to 
sodel  flow  was  not  taken  into  account  and 
is  assused  to  be  negligible. 


3.4.b.  Approxisations  equivalent  to  Iq.  (8)  of 
reference 


3.9. d.  not  applicable 

3.9. e.  not  applicable 


3. 10.  a. Papers  in  Biblioeraphy  (Tuttle  and 

Hineck) : 

No . 197 . 200 . 201 , 216 . 220 . 221 . 

Adaptive  wall  Newsletter  No. 5,  pace  6. 

3.10. b.  - 

3.10. C.  - 

4.1  A  new  planned  facility  (GAM)  is  listed  in 
Questionnaire  for  DFVLR  2-D  test  section 
(Described  in  Adapted  Uall  News  letter  No. 6, 
pace  6. ) 


4.5  Yes 


1.1  DFVLR  GOTTINGEN 

1.2  J.  Aeecke.  DFVLR,  Bunsenstrasse  10.  3400 

GOttincen 

1.3  Transonic  Wind  Tunnel  Gdttincen 

1.4  Industrial  operation,  research 

1.5  Industrial  operation,  research 

2.1  Continuous,  closed  circuit 

2.2  H:  1.0  ■;  W:  1.0  ■;  L:  3.1  a 

2.3  0.5  S  tU.  1  2.0i  0.3*  10*  <  •, 

Re,  <  l.e  .  10*  (  f  «  0.1 

2. 4.  a.  Horisontal  walls  with  4  slots,  vertical 

walls  closed 

2.4. b.  All  slots  Independent  adjustable 

2.5.  a.  3>0  tests:  Stine  support 

2>0  and  half-aodel  tests:  turn-tables  in 
the  side  walls 

2.5. b.  Pressure  aeasureaent  on  the  sodel,  on  the 

walls  and  in  the  wake  by  PSI-systea.  Force 
aeasureaent  with  3-D  aodel  by  internal 
balance.  Force  aeasureaent  with  half -aodel 
by  external  balance.  Flow  field  survey  by 
advanced  optical  systeas  (Laser  Doppler 
etc. ) 

2.5. C.  Adaptation:  120  s 

data  acquisition:  20  s 

3.1.  a.  The  walls  are  used  as  control  surfaces. 

closure  by  extrapolation  of  wall  data  at 
the  entrance-and  exit  plane  of  the  test 
section 

3.1. b.  X  ■  ?  «  slot  width  (top  and  bottoa  uall 

independent:  4  slots  each) 

0  •  pressure  (top  and  bottoa  wall  center 
line;  32  pressure  orifices  in  1  row) 

3.1. C.  Hall  pressures  (Cf  -  values)  are  corrected 

by  subtractlni  the  correspondlnt 
values  of  the  straight  sapty  test  section 

3. 3. a.  2-diaensional  flow  field 

3.2.  b.  Uall  pressure  and  slot  width 


3.2. C.  Nuserical  evaluation.  For  ‘"tbcritical 

conditions  at  the  wall  linearized  flow  is 
assused  (one  step  sethod) 

3.2. d.  Residual  interferences  as  function  of  the 

slot  width 

3.2.  e.  IBM  4381,  CPU-tise;  10  s 

3. 3.  a.  Closed  slots 

3.3.  b.  Cosputation  based  on  wall  data 

3.3. C.  Constant  slot  width.  Boundary  layer 

coBpensation  by  divergent  side  walls  or/and 
suction 

3. 4.  a.  Not  applicable 

3.4. b.  Not  applicable 

3.4. C.  By  experisent 

3.4. d.  Not  applicable 

3.4. e.  (M«and  o)  are  prescribed  and  detersined 

by  flow  conditions  at  nozzle  exit 

3.4. f.  Plow  chart  see  enclosure 

3.4. g.  2  to  3  iterations 

3.4.  h.  Slot  adjustsent  resotely  controlled 

3. 5.  a.  Hinisus  residual  interferences 

3.5. b.  Not  applicable 

3.5. C.  Minlsus  dM  /9x  and  do  /dx  in  aodel 

center  location 

3.5. d.  Not  required  for  adaptation 

3.5. e.  Nusber  of  iterations  not  fixed 

3. 6.  a.  2-D  adaptation  for  2-D  and  3-D  flows 

3.6.  b.  Ah  and  Aa 

3. 7.  a.  Nusber  of  articles  tested:  2 

3.7. b.  NACA  0012  profile:  and  scrlpl.  ^  o.2  s: 

2.4  X  blockage 

NACA  0012  profile:  and  scripl.  »  0.3  s; 

3.6  X  blockage 

0  1  o  $  10*  ;  0.60  i  M.  L  0.85 

3.8.  a.  Sapty  wind  tunnel  is  calibrated  in  the 

operating  range  (see  2.3) 

3.8. b.  Flow  quality  not  known 

3.8. C.  Cosparison  with  interference  free  reference 

data 

3.6. d.  Repeatability  was  tested 

3.6. e.  Not  known 

3. 9.  a.  None 

3.9. b.  Not  applicable 

3.9. C.  Calibration  of  sapty  test  section,  taking 

into  account  boundary  layer  displaceaent 
thickness.  Change  of  boundary  layer  due 
to  sodel  flow  was  not  taken  into  account 
and  is  assused  to  be  negligible 

3.9. d.  Not  applicable 

3.9. e.  Not  applicable 
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3.10. a.- 

3.10. b.  DFVLR  Report  IB  222  -  85  A  32  (1986) 

3.10. C.  - 

4.1  - 

4.2  - 

4.3  Extension  for  3-D  tests 


4.5  Yes 


Measurement 

1 

2 

Measurement  Wall 

Closed 

Slotted  Wall 

Measurement 

Quantity 

Wall  Pressure 
Distribution 

Wall  Pressure 
Distribution 

Input  to 
Computation 

Uj.  (\ 

^  S  0) 

Computation  of 

Wall  Interference 

''i 

Calculation  of 
Model  Induced 
Velocities 

U*'  *  Uj- 

Calculation  of 

Uall  Induced 

ui  •  u,-  u" 

Velocity 

V  -  Cosponent  fros 
Vortlclty  Model 

Superposition  of 

♦  V,* 

Model  Induced 
Velocity 

s  • 

Effective  Hall 
Contour 

dH  •  1 

,  dx 

2. 4.  a.  Solid  sideualls,  flexible  top  and  bottom 

wall. 

2.4. b.  Wall  deflection  by  9  pairs  of  jacks  on  each 

flexible  wall 

2. 5.  a.  3-D  test;  aodels  with  sting  support 

2.5.  b.  Pressure  seasuresent  on  the  model  and  on 
the  walls  by  PSI-system  and  model  force 
measurement  with  internal  balances. 

Time  for  adaptation  10  minutes.  Time  for 
model  data  acquisition  ca.  5  seconds. 

3.1.  a.  The  flexible  walls  are  used  as  control 

surfaces,  closure  by  extrapolation  of  wall- 
data  at  the  entrance-and  exit  plane  of  test 
section 

3.1. b.  Wall  displacement  is  measured  at  the 

stations  of  the  2*9  pairs  of  Jacks  24 
wall  pressures  along  centreline  of  each 
flexible  wall. 

3.1. C.  Wall  pressures  (C^  -  values)  are  corrected 

by  subtracting  the  corresponding  Cf 
values  of  the  straight  empty  test  section. 

3. 2.  a.  3-dimensional  flow  field 

3.2. b.  Variables  are  wall  pressure  and  wall 

displacement. 

3.2. C.  Numerical  evaluation.  For  subcritical 

conditions  at  the  wall  linearized  flow  is 
assumed  (one  step  method). 

3.2. d.  The  output  "wall  displacement"  is  identical 

with  the  control  variable  "Jack  position" 

3.2. e.  IBM  4381,  CPU-time;  2  sec. 

3. 3.  a.  Previous  test  or  straight  walls. 

3.3. b.  Computation  based  on  wall  data 

3.3. C.  Wall  setting  so  as  to  compensate  boundary 

layer  growth. 

3. 4.  a.  Nethod  of  2-D  adaptation  for  3-0  flows. 

3.4.  b.  not  applicable 

3.4. C.  Influence  functions  by  computation 

3.4. d.  not  applicable 

3.4. e.  (H,  a)  are  prescribed  and  determined  by 

flow  conditions  at  nozzle  exit 


4.4  Low  speed  Wind  Tunnel.  OFVLR  Braunschweig  2.5.c. 
(NWB)  German  Dutch  Wind  Tunnel  (DNW) 


1.1  DFVLR  GOTTINGEN 

1.2  I.  Wedemeyer,  OFVLR,  Bunsenstrasse  10.  3400 
GOttinfen 

1.3  2-0  adaptive  Test  Section  of  High  Speed  Hind 
Tunnel 

1.4  Research,  Industrial  Operation 


3.4. f. 


{Adjust  wallt  P* APj^Maaaure  P*.Q*]|Coiitpote 

I  _ 7 

3.4. g.  Depending  on  Hach  number  1  to  2  iterations 

3.4. h.  Wall  adjustment  manually. 

3. 5.  a.  End  of  iteration  if  (ACp  0.005 

3.5. b.  - 


1.5  Used  for  Research 

2.1  Vacuus  storage  blowdown  wind  tunnel 

2.2  0.67  a  w  0.72  S;  2.2  m  long 

2.3  O.S  i  M  1  0.90;  0.4  *  10*  <  Ite,  <  ICT  (  /  • 

0.1  yx;  ) 


3.5. C.  Residual  Interference  can  be  calculated  on 

the  basis  of  wall  pressure  eeasureeents . 
286  pressure  orifices  ore  on  all  four 
walls. 

3.5. d.  not  necessary 
one  step  sethod 


3.S.e 
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3. 6.  a.  2-D  adaptation  for  3'D  flows.  Residual  1.4  Active 

interferences  cosputed  by  sethod  of  Holst. 

2.1  Continuous.  open,  atsospheric  stasnatlon 

3.6.  b.  no  results  so  far  conditions 


3. 7.  a.  Nusber  of  articles  tested:  3 

3.7. b.  1.  FFA-Splndle,  3.1  X  blockace 

2.  30*  swept  wing  pressure  dlstr.  aodel, 

span/  >0.76 

3.  Force  seasuresents  on  blunt  sisslle 
body. 

At  «  Tunnel  cross  section  area 
0  <  a  <  20*  :  0.4  <  H  <  0.94 

3. 8.  a.  Espty  tunnel  was  calibrated  up  to  H  =  0.90 

3.8. b.  Flow  quality  not  known 

3.8. C.  Calibration  eodels  used  to  cospare  data 

with  interference  free  reference  data  (see 
3,7.b) 

3.8. d.  Repeatability  was  tested 

3.8. e.  not  known 

3. 9.  a.  none 

3.9. b.  not  applicable 

3.9. C.  Calibration  of  ^pty  test  section,  taking 

into  account  h/(.  displaceeent  thickness. 
Change  of  boundary  layer  due  to  eodel  flow 
was  not  taken  into  account  and  is  assused 
to  be  negligible. 

3.9. d.  not  applicable 

3.9. e.  not  applicable 

3. 10.  a.  DFVLR  Report,  IB  29112-88  A  03 

3.10. b.  - 

3.10. C.  - 

4.1  A  new  planned  facility  (OAH)  described  in 
Adapted  Uall  News  letter  No.  6.  page  6. 

4.2  The  GAH  will  be  installed  into  the  Is  l  e 
transonic  wind  tunnel  of  the  DFVLR  Gottingen 

4.3  Quasi  wall  adaptation  by  use  of  variable  slots 
in  side  walls 

4.4  > 

4.5  - 


1.1  TECHNICAL  UNIVERSITY  OF  BERLIN 
INSTITUT  FUR  LUFT-UND  RAUHFAHRT 
KARCHSTRASSE  14 

1000  BERLIN  10 

1.2  Prof. Dr.  Ing.  Uwe  Ganzer,  Director  of 
Developeent 

Messerscheitt-BOlkow-Bloha  QmbH. 

Postfach  95  01  09 
2103  Haaburg  95 
Oeresny 

telephone:  (040)  7437-2741 
telex:  21950-0  abb  d 


2.2  20:  150  BB  «  150  aa  square  section,  length  690 

BB 

3D:  Octagonal  225  cb*  section,  length  830  bb 

2.3  2D:  M  >  0.3  to  0.95 

Re/f„,7.10‘  to  15.10* 

3D:  H  >  0.3  to  1.3 

2. 4.  a.  iBperaeable.  flexible 

2.4. b.  Uall  deforaation 

2. 5.  a.  2D:  Airfoil  Bodel  aounted  in  side  wall 

3D:  Model  Bounted  on  sting  and  quadrant 

2.5. b.  Model  pressure  tapping,  sting  aounted  force 

balance.  Laser  AneBoaeter 

2.5. C.  2D:  for  one  adaptation: 

3D:  for  one  adaptation: 

Autoaatic  aodel  data  acquisition 

3.1.  a.  2D:  Rectangular  at  the  undeflected  wall 

position,  extrapolated, 

3D:  Circular  at  the  aean  radius  of  the 
octagonal  test  section,  extrapolated 

3.1. b.  2D:  Control  variable  :  wall  deflection  at 

the  jacks  (13  jacks  at  each  wall) 

Control  surface  variables  P.O  :  tangential 
and  nornal  velocity  coBponent  (wall 
deflection) 

3D:  Control  variables:  wall  deflection  at 
the  78  jacks  (10  Jacks  at  each  uall  except 
top  and  bottoB  wall,  there  9  Jacks) 

Control  surface  variables  P.O  :  tangential 
and  nornal  velocity  coBponent  (wall 
deflection) 

3.1. C.  20:  Filtering  versus  tiae,  extrapolation. 

correction  of  freestreae  Mach  nusber 

3D:  Filtering  versus  tiae,  extrapolation, 
correction  of  freestreaa  Mach  nusber, 
interpolation 

3.2.  a.  2D  :  2D 

30  3D,  no  yaw  angle  (SyBBetric  about 

vertical  axis) 

3.2. b.  2D:  P  9  norsal  velocity  coaponent 

Q  9  tangential 

3D:  P  9  nornal  velocity  coaponent 
0  9  tangential  " 

3.2. C.  2D  (Subcritical)  analytical  (K  <  1) 

2D  (Supercritical)  nuBerlcal  Full-Potential 
code  (M  <  1) 

3D  (Subcritical)  nuaerical  Panel-eethod  (N 
<  1) 

3D  (Supercritical)  nuaerical  Full-Potential 
code  (H  <  1) 

3D  (Supersonic)  .luBerlcal,  wave  relation  (M 
>  1) 

3.2. d.  2D:  new  wall  deflection.  new  norsal 

velocity  coaponent 

3D  (Subcritical):  as  2D  but  also  residual 

interferences 

30:  as  2D 

3. 3.  a.  2D)Previou8  test 

30) 


1.3  TUB  2D  and  TUB  3D 


3.3.b. 
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3.3.C.  - 

3. A  Iter&tion  process 


3.6.d.  good  repeatability 

3.8.e.  dependent  on  the  wall  deflection 
2D  :  i  20  SB  3D  :  t  io  u 


3. A. a.  2D 
3D 


P  *■  norial  velocity 
0  s  tangential 
X  =  wall  deflection 


3. 9.  a.  none 

3.9. b.  none 


3.A.b.  2D:  Scalar  relaxation  factor  3.9.c.  none 

3D  (Subsonic)  :  no  approxieatlon 

3D  (Supersonic)  :  Scalar  relaxation  factor  3.9.d.  none 


3.A.C.  2D  — 

3D  (Subsonic)  coeputation 


3.9.e.  Sieulation  of  2D  and  3D  sub-  and  supersonic 
adaptation,  study  of  optiaal  convergence 


3.A.e.  2D  seasuresent  by  pressure  taps 
30  far  upstreas  and  correction 

3.A.f.  20  See  publications. 

3D 

3.A.g.  2D  2  to  A 
30  1  to  A 

3.A.h.  2D  totally  automated 
3D 


3. 10. a.  Ziesann.J.  Convergence  behaviour  that 
controls  adaptive  wind  tunnel 
walls  near  the  test  section 
in  the  high  angle  of  attack 
range . 

NASA  TM-77006,  Nov.  1982, 

60pp 

Ganzer,  U.  Sidewall  effects  on  airfoil 
Staneusky,E.  tests.  ICAS  Journal,  vol.  22, 
Zieaann.J.  Febr.  198A. 


3.5. a.  201  Convergence  of  tangential  velocity 

3d/  coeponent  of  exterior  and  interior  flow 

3.5. b.  2D1  End  of  loop  if  eoveaent  of  the  walls 

30/  goes  to  zero 

3.5. C.  20  Cauchy-Integral,  on  axis  of  test  section 

30  (Subcritical) :  Calculated  but  not  used 


Ganzer, U.  Design  and  operation  of  TU- 
Igeta,  y.  Berlin  wind  tunnel  with 
Zieeann,  J.  adaptable  walls.  ICAS.  vol.l, 
198A 


Ganzer,  U.  Transonic  tests  in  a  wind 
Igeta,  Y.  tunnel  with  adapted  walls. 
ICAS.  vol.  1.  1982. 


3. 6.  a.  20:  Cauchy-Integral,  (H<1),  20  test  in  20 

test  section 

30:  Panel  eethod  (M<1)  30  tests  in  30  test 
section 

3.6. b.  20 \  Check  for  converrience  of  the  adaptation 

30  /  procedure 


Ganzer,  U. 
Igeta,  Y. 
Kleesann.E. 
Reb8tock,R. 


Developeent  of  a  wind  tunnel 
test  section  with  adaptive 
flexible  walls  for  three- 
disensional  flow-final 
report. 

BMFT-FB-W-83-026.  Oct.  1983. 


Ganzer,  U.  Flexible,  adaptive  walls  for 
Rebstock.R.  transonic  wind  tunnels  in  the 
subsonic  and  supersonic 
regions.  DGLR  Paper  8A-lO0a. 


3.7.b.  20:  CAST  7,  blockage 

chord  length/test  section  height: 0.87 
H  :  0.6  to  0.85 
a  :  0*  to  6* 

30:  Body  (axlsyseetric) .  blockage  2%  body 
length/test  section  length  :  0.2 

wing/body,  blockage  1.2  % 
wing  spanAest  section  width:  0.67 
body  length/test  section  length  :  O.iaa 
cross  wing  area/test  section  cross- 
section  :  0.067 
M  :  0.7  to  0.8 
a  :  -3*  to  2* 

Uing/body/tail,  blockage  1.3  X 
wing/span/test  section  width  :  0.67 
body  length/test  section  length  :  0.175 
gross  wing  area/test  section  cross- 
section  :  0.280 
H  :  0.7  to  1.2 
a  :  -3*  to  8* 


Barg,  J.  The  developeent  of  coeputer 
control  for  application  to 
flexible  wind  tunnel  walls. 
ILR  Hitt.  70.  Technical  Univ. 
Berlin,  1980. 

Barg,  J.  Setup  for  fast  autosatic 

adaptation  of  flexible  wind 
channel  walls 

ILR-S3.  Technical  Univ. 
Berlin.  1982 

Ganzer,  U.  Wind  tunnels  with  adapted 

walls  for  reducing  wall 

interference. 

Zeitschrift  fUr 

Flugwissenschaften  und 

Weltraueforschung,  vol.  3, 
No. 2,  1979. 


Ganzer,  U.  Adaptable  wind  tunnel  walls 
for  2D  and  3D  eodel  tests. 
Proceedings  (A81-11601),  ICAS 
Paper  23-3 


3. 8. a.  Eapty  tunnel  calibrated  for 

effects  of 

Ganzer,  U. 

On 

the  use  of  adaptive  walls 

boundary-layer  thickness 

for 

transonic  wind  tunnel 

testing. 

3.8.b.  Flow  quality  :  AH  «  0.002, 

Aa  .  O.f. 

AGARD-CP-33S  (N  83-20957) 

turbulence  level  T  «  0.6  % 

1  -  O.B  » 

Ganzer.  U. 

The 

technology  of  adaptive 

3.8.C.  none 

wind 

tunnel  walls.  3  BHPT 

Statusseeinar.  Haaburg,  Nay 
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2<4,  1983 


ITALY 


Ganzer  ,U.  A  abort  nota  on  recent 

advances  In  the  adaptive  wall 
technique  for  3D-aotel  testa 
at  the  TU'^Berlin. 
AGARO-CP-348.  Febr.  1984. 
Paper  N0.6A 

Ganzer.  u  A  review  of  adaptive  wall 

wind  tunnel .  Progress  in 
Aerospace  Sciences,  vol.  22, 
Pergason  Press,  1985 


1.1  ISTITUTO  D1  AIRODINANICA  ''UMBERTO  NOBILE"  • 
FACOLTA'  01  INGSGNERIA  -  UNIVERSITA'  DIGLl 
STUDI  01  NAPOLI  -  NAPOLI  >  ITALIA 

1.2  Giuseppe  P.  Russo 
Associate  Professor 

Chair  of  Sxperiaental  Gasdynaaics 
Istituto  dl  Aerodinasica  "Usberto  Nobile" 
Piazsale  Tecchio  80 
80125,  Napoli 
Italia 


3.10. b.  none 

3.10. C.  none 

4.1  none 

4.2  none 


Tf.  39-81-768-3360 
Tk.  722392  INCENA  {l\ 

Fax  39-81-632044 

1.3  Adaptive  Halls  Hind  Tunnel  (AUHT) 

1.4  Research,  pilot  wind  tunnel 


4.3  none 

4.4  none 


1.5  Adaptation  is  still  aanually  operated;  an 
autoaated  data  acquisition  and  control  systes 
is  in  preparation 


4.5  Routine  operational  testing. 


2.1  Continuous,  open  return,  indraft  wind  tunnel 


2.2  0.2a«  0.2b -e  la 

2.3  Mach  nuBber  is  continuously  variable  froi  0  to 
0.55;  aaxiBUB  unit  Reynolds  nuBber  is  10*^  b'* 

2. 4.  a.  iBperBeable  walls 

2.4. b.  Hall  deforeation  {2«tl6  Jacks) 

2.5.  a.  2D  test;  Bodel  supported  between  windows 

2.5. b.  2  16  pressure  and  displaceeents  are 

Beasured  on  the  walls  and  30  pressures  on 
the  Bodel;  total  and  static  pressures  of 
the  free  stresB  are  Beasured  upstreaa  of 
the  Bodel. 

3.2.e.  IBM  Personal  Systes  2/60 

3.l0.b.  G.P.  Russo-M.  Basciani:  "Design. 

Calibration  and  Prelialnary  Tests  of  a 
Pilot  Flexible-Walled  Adaptive  Hind  Tunnel" 
-  Presented  at  the  IX  Congresso  Nazionale 
della  Associazlone  Itallana  di  Aeronautics 
ed  Astronautica  -  PalerBO,  26-29  Ottobre, 
1987. 


4.1  By  the  end  of  1988  a  personal  cosputer 
controlled  data  acquisition  and  control  systes 
will  be  readied.  Frellainary  tests  will  be 
perforaed  on  a  NACA  0012  airfoil.  Work  is  in 
progress  in  order  to  test  the  effectiveness  of 
software  found  in  the  open  literature  i.e. 
FLEXHALL  by  Everhart  and  Goodyer  and  Wolf's 
approach  to  wall  adaptation.  The  ONSRA 
cosputer  progrsB  is  not  yet  available. 


PEOPLE’S  REPUBLIC  QE  CHI»» 


t.t  NPU,  XIAN,  CHINA 

1.2  Prof. He,  Jla  Ju  Northwestern  Polytechnlcal 
University,  Xian,  China 

1.3  NPU  Adaptive  Hall  Hind  Tunnel 

1.4  Research 

1.5  Most  recent  use:  Sept.  1988 

2.1  Continuous,  blowdown 

2.2  b  23.8  CB,  h  °  25.6  CB 

2.3  low  speed,  U  <  45  s/sec 
Re/B  <  3»1CI*  /B 

2. 4.  a.  2  flexible,  2  solid  walls 

2.4. b.  wall  deforBation 

2. 5.  a.  2D  and  30  tests;  stint  sounted  aodels 

2.5. b.  one  row  of  pressure  taps  on  each  flexwall 

2.5. C.  30  Bln  for  adaptation,  10  sin  for  sodel 

data  acquisition 

3.1.  a.  Upper  and  lower  wall  and  upstreas-and 

downatreas  cross  section 

3.1. b.  21  pressure  taps  and  21  screwjacks  per 

flex,  wall 

3.1. C.  extrapolation 

3. 2.  a.  20  iterative  and  20  adaptation  for  30 

flows.  (ellBination  of  interferences  at 
tunnel  centreline) 

3.2. b.  20:  P  >  wall  displaceaent,  0  «  wall 

pressure 

3.2. C.  nuaerical,  low  speed 

3.2. d.  wall  displaceaent  P  •  X 

3.2. e.  IBM,  PC/XT  :  3  Bin  cpu-tlBe 

3. 3.  a.  Btraifht  wall  or  previous  test 

3.3. b.  input  froa  aeasured  wall  pressure  and  wall 

displaceaent 

3.3. C.  solid  walls 

3. 4.  a.  p  •  X  •  wall  displaceaent,  0  >  wall 

pressure 

3.4. b.  llneariiation 

3.4. C.  coaputad  influence  function 

3.4. d.  relaxation  factor  <  0.5 

3. 4.  a.  Prescription  of  free  stress  velocity  and 

anfle  of  attacli 

3.4. f.  usual  iterative  procedure 

3.4. g.  2-3  itaratlona  for  20  adapt,  for  30  flow: 

ona  step 

3.4. h.  no  autoaation 

3. 5.  a.  wall  displaceaent  <  0.4  sa 


3.5.b. 
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3.5. C.  - 

3.5. d.  - 

3.5. e.  - 

3.6>a.  20  adaptation  for  2D  tests;  2D  adaptation 
for  3D  tests 

3.6.  b.  - 

3. 7.  a.  3  articles  tested 

3.7. b.  20:1.  Cylinder  sodel  (13,7%  blockage), 

2.NACA  0012  airfoil  (  ^  -  20  cb) 
3D:uing-body  pressure  sodel. 

3. 6. a.  espty  tunnel  calibration 

3.8. b.  uniforsity  of  velocity 

3.8. C.  none 

3.8. d.  unknown 

3.8. e.  unknown 

3.9.  a.  none 

3.9.  b.  none 

3.9. C.  none 

3.9. d.  Relation  to  unadapted  results  and 

interference  free  data  of  i.s  s  tunnel 

3.9. e.  none 

3. 10.  a.  Adaptive  Mall  Newsletter  Nr. 5 

3.10.0.  AlAA  ee-2040  and  references  in  AIAA  B8-2040 

3.10. C.  Goodyer,  Southaspton  ;  Kilgore,  Holf,  NASA 

Langley;  Ganzer,  TU  Berlin 

4.1  2D  flex,  wall  test  section  in  low  turbulence 
wind  tunnel  (TU  <.05%)  law  0.4  s,  v  ■  75 
s/sec,  1969  finished. 

4.2  0.3  B  «  0.3  B  high  speed  tunnel  adapt,  test 
section  designed. 

4.3  iBproveaent  of  Betbods 

4.4  - 

4.5  - 


i 
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UMIIB?  KIBSaOB 

1.1  OIPAKTHBHT  OF  AKRONAUTICS  AND  ASTRONAUTICS, 

THE  UNIVERSITY, 

SOUTHAMPTON.  S09  SNH 
HAMPSHIRE.  EN6UND 

1.2  Dr.  Hichaal  Goodyer, 

Reader  in  Experlaental  Aerodynaaice , 

(above  address) 

Phone  (44)  (0)  703  5S9122  X  2374/2324 
Telex  47661 

Pax  (44)  (0)  703  671778 

1.3  Low  speed  self-streasllnlns  tunnel 

1.4  The  developeent  of  adaptive  wall  test 

techniques 

1.5  Operational,  with  swept  wins  panel. 

2.1  Continuous,  open  return,  fan  driven. 

2.2  Rectancular  in  cross-section,  30.46  cs  wide  « 
noainal  15.24  ca  deep.  The  lensth  of  top  and 
bottoB  walls  controlled  by  jacks  is  127.3  cs. 

2.3  Lou  speed  (Hach  0.1).  Speed  33a/s.  Chord 
Reynolds  nusber  about  290,000. 

2. 4.  a.  All  walls  are  isperaeable. 

2.4. b.  Deforeation  of  top  and  bottoa  walls. 

2. 5.  a.  Initial  tests  were  2D  with  sodels  supported 

froB  the  sidewalls.  Current  tests  are  30 
with  a  swept  wing  panel  of  constant  chord 
supported  frmi  the  sidewalls. 

2.5. b.  Models:  pressure  distributions,  wake 

surveys . 

Halls:  lonfitudinal  pressure  and  shape 

distributions  of  the  flexible  top  and 
bottoa  walls.  Soae  sidewall  pressure 
aeasuroents. 

2.5. C.  Initially  (in  1973)  very  slow  for 

adaptation,  around  1  wecHc  because  of  aanual 
operation,  the  absence  of  a  predictive  wall 
setting  strategy  and  the  use  of  a  reaotely 
situated  teralnal  to  an  old  coaputer, 
although  aodel  data  acquisition  was 
relatively  quick:  as  long  as  it  took  to 
write  down  the  readings  of  a  bank  of 
aanoaeter  tubes.  Latterly  adaptation  with 
this  aanually  operated  operated  test 
section  is  taking  less  than  1  day  still 
using  a  reaote  but  aodern  coaputer  and  a 
predictive  wall  setting  strategy. 

3.1.  a.  The  entire  length  of  the  flexible  walls  of 

the  test  section  (dlaensions  in  02.2)  are 
used  as  control  surfaces.  Sidewalls  are 
flat.  The  wall  adjustaent  algorltha 
assuaes  straight  extensions  of  the  walls 
upstreaa  and  downstreaa. 

3.1. b.  Up  to  16  Jacks  position  each  flexible  wall 

but  nearer  16  (depending  on  the  stage  of 
developaent  of  the  test  section,  which  has 
been  used  periodically  for  15  years)  are 
used  in  the  adaptation  process  to  control 
the  0  and  X  variables.  Siailarly  up  to  16 
wall  sutic  pressure  tappings  (one  at  each 
Jack)  provide  P.  All  are  independent  except 
as  coupled  by  aerodynaalcs .  iaaginary  and 
real,  and  the  structural  stiffnesses  of  the 
flexible  walls.  Accuracy  is  not  good:  wall 
pressure  coefficient  resolution  is  about 
0.01  and  aoveaent  of  a  Jack  is  uncertain  to 
about  0.15  an. 


3.1. C.  No  pre-processing. 

3. 2.  a.  2D  for  2D  aodels.  2D  in  the  flow  coaponent 

at  right  angles  to  the  leading  edge  of  the 
swept  wing. 

3.2.  b.  P:  static  pressure  at  aost  Jack  position  on 

the  flexible  walls. 

0:  Positions  of  the  Jacks. 

3.2. C.  Analytical.  K  <  1  subcritlcal. 

Output  includes  next  required  wall  shapes 
(Jack  settings,  variables  0  and  X)  and 
associated  exterior  velocity  distributions, 
also  estiaates  of  the  quality  of  the 
current  ''Btreaallnlng" . 

3.2. d.  In  the  earliest  days  on  an  unknown  HP 

around  1  hour  per  iteration,  up  to  10 
iterations  per  streaalining.  Now  lO  seconds 
per  iteration  using  DEC  POP  11-64,  2 

iterations  per  streaalining. 

3. 3.  a.  Either  (1)  Straight  walls  with  eapty  test 

section,  or  (li)  Any  convenient  set  of 
curved  walls  over  which  the  iaaginary  side 
velocity  or  pressure  distributions  are 
known. 

3.3. b.  Potential  flow  predictive  using  wall 

shapes,  velocity  distributions  of  both 
sides.  No  aodel  input. 

3.3. C.  Not  applicable. 

3. 4.  a.  Pressure  at  Jack.  Jack  displaceaent  froa 

the  straight,  P  and  Q  respectively. 
Displaceaent  is  also  X. 

3.4. b.  No  coaaent. 

3.4. C.  Bxperiaents  and  coaputations . 

3.4. d.  No  coaaent. 

3.4.  e.  No  corrections  are  aade:  the  values 

existing  during  the  test  are  not  aodifled. 

3.4.  f.  Enclosed  separately. 

3.4. g.  2. 

3.4. h.  No  autOBBtion  aside  froa  the  processing  of 

data  by  coaputer. 

3.5.  a.  Not  used. 

3.5. b.  Not  used. 

3.5. C.  Residuals  are  coaputed  froa  the  vorticity 

existing  in  the  walls  after  the 
streaalining  process  is  teralnated,  using 
potential  flow  theory  to  give  two 
coaponents  of  wall-induced  Interference. 
Calculated  along  the  coaplete  centreline  of 
the  test  section,  although  only  the  aodel 
region  is  of  any  real  Interest. 

3.5. d.  Not  used  in  iterating. 

3.5. e.  Typically  2  in  this  tunnel.  Experience  has 

shown  that  atteapts  at  further  streaalining 
do  not  result  in  significant  sustained 
iaproveaents  in  quality  as  Judged  by  the 
residuals . 

3. 6.  a.  See  3.5.c.  Method  is  applicable  only  to 

incoBpressible  speeds  and  untapered 
aerofoil  sections.  Variations  in  the 
thicknesses  of  the  boundary  layers  on  the 
two  flexible  walls  aay  be  taken  into 
account.  No  allowance  is  aade  for 
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variations  In  the  states  of  the  sidewall 
boundary  layers. 

3.6.  b.  Residuals  are  usually  so  saall  that 

corrections  to  sodel  perforaance  data  are 
■eanlnfless  In  relation  to  other 
■easureaents  such  as  a. 

3. 7.  a.  3  Bodels. 

3.7. b.  2D.(1)  High  blockage  (30  X  noalnal  with 

straight  walls)  circular  cylinder. 

(II)  Aerofoil  section  NACA  OOiS-64  blockage 
9.7  X  with  straight  walls,  chord:  height 
0.645  .  H  ■  0.1  a  «  0  and  10  degrees.  The 
photograph  on  page  139  of  reference  (1)  In 
a.lO.b  shows  this  aodel  and  tunnel. 

(III)  Aerofoil  section  NACA  0012-64 
blockage  10.6  X  and  chord:  height  0.9  .H  « 
0.1  .  a  range  -6  degrees  to  *  12  degrees. 

3D.  NACA  0012-64  section  at  right  angles  to 
the  leading  edge,  swept  at  40  degrees. 
Noalnal  blockage  Is  10.8  X.  Chord:  noalnal 
height  Is  1.17  streaawlse.  M  >  0.1  .  Span  - 
test  section  width,  Ratio  of  atreaauise 
chord  to  test  section  length  is  0.196 
Planfora  to  test  section  area  ratio  Is 
1.17.  Hach  0.1.  a  range  -2  to  12  degrees. 

3. 8.  a.  Nails  streaalined  e^ty  to  give  zero 

pressure  coefficients  at  all  jack  pressure 
tappings  (to  C  tolerance  0.01)  along  both 
flexible  walls.  This  accounts  to  a  first 
order  for  the  developaent  of  the  boundary 
layers  along  the  four  walls. 

3.6.  b.  Not  aeasured. 

3.6. C.  Aerofoil  aodel  was  calibrated  at  duplicated 

Mach  and  Reynolds  nuabers  and  zero 
sweepback  by  NASA  LRC  in  their  Low 
Turbulence  Pressure  Tunnel  at  a  blockage  of 
0.7  X. 

3.8. d.  No  coaeent. 

3.8. e.  N:  not  applicable  to  this  tunnel. 

a.  size  lisits:  not  yet  deterslned. 

3. 9.  a.  Curved  and  streaslined  walls  have  been  used 

to  sisulate  steady  pitching  of  an  aerofoil 
(reference  66). 

3.9.  b.  Not  applicable. 

3.9. C.  See  3. 6. a  and  3. 6. a. 

3.9. d.  Depending  on  the  blockage  and  perhaps 

sore  so  on  the  lift  the  effects  can  be 
profound  when  cosparing  straight  wall  data 
with  streaslined. 

3.9. e.  The  Influence  on  the  flow  at  the  position 

of  the  sodel  arising  fros  an  error  In 
setting  the  dlsplacesent  of  a  wall  jack  has 
been  analysed. 


3. 10. a.  33,38,47.62.66.75.86.95. 


3.10. b.  (1)  0.  Baals  and  U.R.  Corliss.  "The  wind 

Tunnels  of  NASA."  NASA  8P-440.  1961. 

(11)  H.J.  Ooodyer.  "A  swept  wing  panel  in  a 
low  speed  flexible  walled  test  section". 
March  1987.  To  be  published  as  a  NASA  CR. 

3.10. C.  (1)  H.J.  Ooodyer.  "Self-adapting  flexible 

test-section  walls".  14  July  1972. 
Witnessed  notes  on  the  principles  of 
adaptive  walls,  sade  while  working  at  NASA 
Langley  Research  Center.  Haspton  Virginia. 


(11)  H.J.  Ooodyer.  "Flexible-wall  wind 
tunnels".  April  1973,  an  expansion  of 

3.10.C  (1)  which  sentlons  the  NPL  work  and 
includes  the  suggestion  that  any  new  tunnel 
should  first  explore  2D  testing. 

(ill)  P.£.  Rubbert.  Notes  on  adaptive  walls 
dated  4  Septesber  1973  to  Dr.  Ooodyer  with 
copies  In  the  STB  Library  at  NASA  LRC. 

4.  No  conent. 


«IF  ST«AMIINING  WIND  ruNMIl  MANUAL  OPtUTlNG  WtOClDO»t 


1.1  DBPARTHBNT  OF  AERONAUTICS  AND  ASTRONAUTICS. 

THE  UNIVERSITY, 

S0(miAHPT0((.  S09  SNH 
HAMPSHIRE.  ENOLAND 

1.2  Dr.  Michael  Ooodyer, 

Reader  In  Experlsental  Aerodynasics , 

(above  address) 

Phone  (44)  (0)  703  559122  X2374/2324 
Telex  47661 

Fax  (44)  (0)  703  671778 

1.3  Prototype  cascade-blade  flexible  walled  wind 
tunnel 

1.4  The  developsent  of  adaptive  wall  test 
techniques . 

1.5  Dissantled. 

2.1  Continuous,  fan  driven,  open  return. 

2.3  Rectangular.  76.2  ss  In  the  spanwise 
direction,  by  55.9 
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2.3  Mach  0.1  typical.  33  a/s.  Chord  Reynolds 
nuaber  232,000. 

2.4.  a.  All  walls  are  laperaeable. 

2.4. b.  Wall  deforaation. 

2. 5.  a.  20  testing  of  a  single  untwisted  constant* 

chord  highly  caabered  turbine  blade  aodel 
Bounted  between  flat  rigid  sidewalls, 
reproducing  cascade  flow. 

2.5. b.  Model  surface  pressures.  Streaawlse 

distributions  of  static  pressures  along 
both  flexible  walls.  Positions  of  walls. 
Flow  deflection  froa  aeasured  streaatube 
boundaries  after  streaalinlng.  Reference 
speed  froa  pitot-static  aeasureaents 
approxiaately  two  chords  upstreaa  of 
leading  edge  of  aodel. 

2.5. C.  About  6  working  days.  Slow  because  this  was 

a  aanually  operated  tunnel  using  an 
undeveloped  streaalinlng  algorltha. 

3.1.  a.  The  flexible  walls  were  highly  caabered, 

extending  approxiaately  2  chords  upstreaa 
of  the  aodel  and  1.5  chorda  downstreaa.  The 
aodel  chord  was  10.16  ca  and  the  span  7.62 
CB.  The  depth  of  the  test  section  after 
streaalinlng  was  one  blade  pitch  (55.9  as) 
aeasured  in  the  plane  of  the  leading  edges 
of  the  siaulated  cascade. 

?.l.b.  Uall  shapes  were  controlled  by  14  screw 
Jacks  on  the  wall  passing  the  suction 
surface  of  the  aodel  and  12  screw  jacks  on 
the  uall  passing  the  pressure  surface. 
These  provide  Q  and  X  variables.  Uall 
static  pressures,  aeasured  near  each  jack, 
provide  the  P  variables.  All  are 
independent  except  as  coupled  by 
aerodynaslcs  and  the  stiffness  of  the 
flexible  walls.  Accuracy  was  not  good:  wall 
pressure  coefficient  resolution  was  about 
0.01  and  Boveaent  of  a  jack  uncertain  to 
about  0.15  BB. 

3.1. C.  The  jacks  and  wall  pressure  tappings  were 

Irregularly  spaced  introducing  the  need  to 
interpolate  aeasureaents  to  allow  pressure 
Batching  at  appropriate  points  around  the 
flexible  walls.  No  filtering  or 
extrapolation. 

3.2  There  is  no  external  floufield  to  be 
calculated.  The  streaalinlng  criterion  to  be 
used  in  cascade  flow  is  quite  different  froa 
unconfined  flow. 

3. 3.  a.  Initially  the  walls  are  set  very 

approxiaately  to  streaalines. 

3.3. b.  All  tunnel  runs  are  with  the  aodel  present, 

but  no  assuaptions  are  aade  about  aodel 
behaviour.  The  coaputations  which  follow  a 
run  are  aostly  geoaetric  and  interpolative 
in  order  to  provide  inforaation  allowing 
the  tunnel  operator  to  aanoeuvre  the  walls 
towards  streaalines,  that  is  to  the 
condition  where  the  saae  Cp  exists  at 
appropriate  opposite  points  (in  the  plane 
of  the  cascade)  across  the  test  section: 
the  cyclic  property  of  cascade  flows. 

3.3. C.  Not  applicable. 

3. 4.  a.  Pressure  along  the  flexible  walls  is  P; 

wall  position  is  0  and  X. 

3.4. b.  A  predictive  algorltha  was  not  available. 

Hall  aoveaent  was  aade  proportional  to  the 


differences  between  pressures  aeasured  at 
opposite  sides  (as  defined  in  3.3.b)  of  the 
test  section. 

3.4. C.  The  constants  of  proportionality  for  3.4.b. 

were  deterained  independently  for  each  jack 
using  the  aost  recent  experience  at  the 
jack  during  the  iterative  process. 

3.4. d.  Not  used. 

3.4. e.  No  corrections  are  aade:  the  values 

existing  during  the  test  are  not  aodified. 

3.4.  f.  Not  available. 

3.4. g.  About  13. 

3.4. h.  No  autoaation. 

3.5.  a.  Iterations  were  stopped  when  the  average 

BOduluB  of  the  differences  in  aeasured 
on  opposite  sides  (12  points  per  side)  of 
the  test  section  appeared  to  reach  a 
BiniauB.  The  Halted  experience  with  this 
tunnel  showed  this  aodulus  to  be  about  0.05 
which  was  10  X  of  the  value  existing  at  the 
beginning  of  the  streaalinlng  cycle.  0.05 
is  high  coapared  with  values  attainable 
with  noraal  flexible-walled  tunnels  which 
siaulate  unconflned  flows  but  should  be 
viewed  in  context  with  the  (>'s  existing 
after  streaalinlng.  Along  both  walls  of  the 
cascade  tunnel  these  were:  0  at  inlet,  peak 
suction  Cf  B  -2,  outlet  CV  *  -1.7. 

3.5. b.  See  3.4.C. 

3.5. C.  Not  used. 

3.5. d.  Surface  pressure  distribution. 

3.5.  e.  No  coaaent. 

3.6  Not  estiaated  in  these  tests. 

3. 7.  a.  One  aodel. 

3.7. b.  Large  scale  2D  plastic  aodel  of  untwisted 

turbine  blade  supplied  for  these  tests  by 
the  British  National  Gas  Turbine 
Sstablishaent.  Blockage  27  X,  spanning  the 
test  section.  Chord:  height  1.82,  Mach  0.1. 
Incidence  was  zero  relative  to  the  leading 
edge,  41.6  degrees  relative  to  the  aean 
chord  line  (this  is  the  stagger  angle). 
Flow  turning  angle  was  71  degrees. 

3. 8.  a.  Not  applicable. 

3.9. b.  Not  aeasured. 

3.8. C.  Not  available. 

3.8. d.  No  coaaent. 

3.e.e.  Ho  coaaent 

3. 9.  a.  None. 

3.9. b.  Not  applicable. 

3.9. C.  Allowances  were  aade  for  the  variations  of 

the  boundary  layer  diaplaceaent  thicknesses 
along  the  two  flexible  walls,  using  their 
pressure  distributions  (noainally  the  saae 
after  Btreaalinlng)  for  the  coaputations. 

3.9. d.  Not  applicable. 

3.9. e.  None. 
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3. 10.  a. 30, 38, 66. 

3.10. b.  None. 

3.10. C.  None. 

4.  None 
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1.3  Transonic  Self-itreaalinlnt  Hind  Tunnel  TSUT. 

1.4  The  developeent  of  adaptive  wall  teat 
techniques . 

1.5  Operational  for  20  and  3D  testinf. 

2.1  Interaittent,  closed  return,  induced  flow, 
ateospheric  stasnatlon  conditions. 

2.2  Rectanfular  in  cross-section,  15.24  cs  wide  by 
a  noainal  15.24  ca  deep.  The  lenxth  of  the  top 
and  bottoa  ualla  controlled  by  Jacks  is  111.8 
ca. 

2.3  Subsonic/transonlc/supersonic  to  about  Mach 
1.8.  Chord  Reynolds  nuaber  up  to  about  2 
Billions . 

2. 4.  a.  All  walls  are  iaperaeable. 

2.4. b.  Deforaation  of  top  and  bottoa  walls. 

2. 5.  a.  2D:  aodels  span  the  test  section  and  are 

supported  froa  the  sidewalls. 

3D:  half  aodels  are  aounted  on  one 

sidewall.  Full  aodels  are  stins  aounted. 

2.5. b.  Models:  varied.  includlnc  pressure 

distributions  (to  transducer  tJiroufh 
Scanivalve),  wake  surveys,  six  coaponent 
force  balance  for  stlnf  aountlni. 

Halls:  lonfitudlnal  and  transverse  pressure 
distributions  of  the  flexible  top  and 
bottoa  walls,  and  one  sidewall  (to 
transducers  throufh  Scanivalve)  flvinc 
about  300  pressure  inputs.  Contours  of  the 
two  flexible  walls.  Flow  angles  for 
aeasureaent  of  influence  coefficients  froa 
CEA  High  Sensitivity  Yawaeter. 

2.5  c.  In  2D  testing:  Using  our  predictive  wall 

setting  strategy  (generally  satisfactory  up 
to  Mach  0.85)  about  2  ainutes  for  one 
streaallnlng  cycle  of  three  iterations, 
which  is  typical  nuaber  of  Iterations  when 
the  delta  (a  or  H)  is  typical  for  a  sweep. 
Sloaast  process  is  Jack  aoveaent,  followed 
by  tlae  to  scan  pressures.  Tiae  for 
acquisition  of  aodel  data  is  short,  typical 
of  Bodern  data  logging,  and  is  included  in 
above  tines  as  we  aonitor  aodel  behaviour 
during  every  iteration.  Breakdown  of 
typical  tine  for  one  iteration:  Jack 
aoveaent  20  aaconds,  pressure  scan  IG 
seconds,  aeasure  tunnel  reference 
conditlona  6  seconds,  coaputation  4 
seconds. 


In  3D  tasting:  Slower  than  2D.  Breakdown  of 
one  typical  iteration  is: 
coaputatlons  about  3  ainutes.  Jack  aoveaent 
20  seconds,  pressure  scan  and  force 
aeasureaent  20  seconds.  3  to  4  iterations 
are  required  typically  at  around  Mach  0.7  . 

3.1.  a.  Alaost  the  entire  lengths  of  the  flexible 

walls  of  the  test  section  (diaensions  in 
Q2.2)  are  used  as  control  surfaces. 
Sidewalls  are  flat.  The  various  wall 
adjustaent  strategies  developed  for  this 
tunnel  assuae  straight  extensions  of  the 
walls  upstreaa  and  downstreaa,  varying 
between  algorlthas  froa  6  inches  to 
infinity. 

3.1. b.  20  Jacks  are  used  for  positioning  each 

flexible  wall  but  only  the  uFatreaa  19  are 
used  in  the  adaptation  process  to  control 
the  0  and  X  variables.  Slallarly  the  wall 
static  pressure  tappings  provide  P.  All  are 
indepentent  except  as  coupled  by 
aerodynaalcs ,  iaaginary  and  real,  and  the 
structural  stiffnesses  of  the  flexible 
walls.  Hall  pressure  resolution  is  about 
0.3  aa.  Hg  and  aoveaent  of  a  Jack  is 
uncertain  to  about  0.13  aa. 

3.1. C.  Measured  wall  pressure  data  is  extrapolated 

downstreaa  along  the  extensions.  Soae  codes 
require  wall  data  to  be  interpolated 
between  aeasuring  points. 

3. 2.  a.  2D  for  2D  aodels.  Several  codes  have  been 

developed  and  cross-c)>ecked .  Two  codes  are 
under  developaent/use  3D  testing: 

(i)  U.  of  S.  aethod.  To  siaplify 
coaputatlons  the  external  flowfleld  which 
coapletely  surrounds  the  test  section  is 
partition^  in  such  a  way  that  the 
exterior  flow  is  entirely  two-diaensional. 
Singularities  are  avoided  which  would 
otherwise  exist  along  the  four  corners  of 
the  velocities,  also  all  three  interference 
velocity  coaponents  arising  froa  the 
loadings  on  all  partitions.  Applicable  to 
straight  or  curved  walls. 

(ii)  Ashill  and  Weeks'  3D  interference 
assessaent  aethod  is  being  used  as  a  check 
for  the  straight-wall  cases  and  is  being 
extended  to  cope  with  curved  walls.  The 
aethod  involves  no  explicit  external 
flowfleld  coaputation. 

3.2. b.  P:  atatic  pressure  at  19  Jack  positions  on 

each  of  the  two  flexible  walls.  0: 
positions  of  these  Jacks. 

3.2. C.  Varied,  analytic,  nuaerical  and  aixed. 

2D  tests: 

(i)  Analytic  linearised  one-step  for  the 
exterior  flows  and  also  the  selection  of 
new  wall  contours.  Mil.  Elsx  tUilS 
subcrltlcal,  test  section  can  contain 
supercritical  flow.  CPU  tine  per  iteration 
3  seconds  with  our  strategy  1  and  6  seconds 
with  strategy  2. 

(ii)  Nuaerical  TSP  code  for  exterior  flows. 
H  <  1.  Model,  flex  uUi  RDd  exterior  llfiR 
all  aay  be  supercritical.  Uses  analytic 
Method  for  selecting  new  wall  contours.  CPU 
tine  per  Iteration  6  to  12  ainutes  at  up  to 
about  Mach  0.8  soaetiaes  rising  to  as  such 
as  25  alnutaa  at  Mach  0.95. 

3D  tests: 

(i)  U.  of  S.  aethod.  Analytic,  linearised, 
subcrltlcal  walls.  All  coaponents  of 
exterior  flow  are  two-diaensional. 
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(il)  Ashlll  and  Ueeks*  Method.  Linearised 
subcrltical  flow.  CPU  tlee  60  second  for 
the  tarfettad  line  only. 

3.2.6  Output  includes  the  next  required  wall 
shapes  (Jack  settinis,  variables  0  and  X) 
and  associated  exterior  velocity 
distributions  if  required,  also  estisates 
of  the  current  "streasllninf". 

3.2. e.  DBG  PDF  11-84.  CPU  tlses  in  3.2.C. 

Operatinf  systes  is  RT-11. 

3.3.  a.  Either  (1)  Aerodynaslcally  straight  ualla 

(detersin^  with  oipty  test  section),  or 
(ii)  Any  convenient  set  of  walls  curved 
away  fros  (i)  over  which  the  isailnary-side 
velocities  or  pressure  distributions  are 
known  or  say  be  computed. 

3.3. b.  See  3.2.C.  The  streaslinlni  process  does 

not  require  any  sodel  inputs. 

3.3. C.  Not  applicable.  Straight  walls 

3. 4.  a.  Wall  pressures,  Jack  displacesent  fros  the 

aerodynaslcally  straight.  P  and  0 

respectively.  Displacesent  is  also  X. 

3.4. b.  No  cossmt. 

3.4. C.  Cosputations  and  experisents.  Bibliography 

ites  218  and  reference  (iv)  below 

respectively. 

3.4. d.  Our  first  20  predictive  strategy  (strategy 

1)  uses  espirically  detersined  factors  to 
allow  for  the  effects  of  aerodynasic 

coupling  between  the  two  flexible  walls, 
and  other  factors  to  scale  the  wall 
sovesents  desanded  by  the  algorithm  to 
encourage  sore  rapid  convergence  to 

streasllnes. 

3.4. e.  No  corrections  are  sade:  the  values 

existing  during  the  test  are  not  sodifled. 

3.4.  f.  Enclosed  separately. 

3.4. g.  Average  about  l.S  in  20  testing  with  a  well 

designed  test  prograsse. 

Average  about  3.S  in  30  testing  to  date. 

3.4. h.  Fully  autosatic. 

3. 5.  a.  An  indicator  of  the  quality  of  streaslining 

used  in  20  testing  for  15  years  at 
Southampton  is  based  on  a  measure  of  the 
pressure  isbalance  across  a  flexible  wall 
detersined  in  the  following  way.  The 
seasure.  B.  is  the  average  of  the  modulus 
of  the  pressure  isbalances  (the  isbalance 
is  between  the  real  and  isaginary 
components  of  the  flow  either  side  of  a 
wall  and  is  expressed  as  a  pressure 
coefficient)  existing  at  the  Jacks  along 
one  wall.  I  is  detersined  separately  for 
each  flexible  wall. 

3.5.  b.  Not  used. 

3.5. C.  Residuals  are  computed  free  the  vorticity 

existing  in  the  walls  (and  partitions  when 
invoked)  after  the  streamlining  process  is 
terminated,  using  linearised  theory  to 
give  two  or  three  coeponents  of  wall- 
induced  interference.  These  can  be 
calculated  for  any  region  of  the  test 
section,  although  only  the  eodel  region  is 
of  any  real  interest.  Stresmllning  ceases 
when  the  residuals  are  noeinally  sere. 
Typical  levels  of  residual  wall-induced 


velocity  perturbations  norsalised  with 
respect  to  the  free  stress  velocity 
are,  for  2D  testing  at  the  chord  line  and 
for  3D  testing  at  the  line  targetted  for 
zero  perturbation,  at  about  Mach  0.7, 
streaswlse  perturbation  O.OOI  to  0.002 
vertical  (upwash)  component  0.001 
Typically  these  perturbations  convert  to 
errors  In  Cl  of  less  than  0.008,  a  <  0.015 
degrees  and  induced  casber  <  0.07  degrees. 
In  3D  testing  away  fros  the  targetted  line 
the  maximum  perturbation  is  in  the  upwash, 
typically  peaking  at  O.Ol. 

3.5. d.  Not  used  in  iterating. 

3.5. e.  Not  fixed.  Typically  3  in  this  tunnel  at 

speeds  up  to  one  wall  (one  of  the  flexible 
pair  in  2D  testing.  any  wall  in  3D) 
becosing  sonic.  Experience  has  shown  that 
attempts  at  further  streamlining  do  not 
result  in  consistently  sustained 
improvements  in  quality  as  Judged  by  the 
residuals  or  E. 

3.6.  a.  See  3.S.c.  H  <  1.  In  2D  tests  the 

variations  in  the  thicknesses  of  the 
boundary  layers  on  the  two  flexible  walls 
say  be  taken  into  account.  No  allowance  is 
made  for  variations  in  the  states  of  the 
sidewall  boundary  layers  at  present.  No 
boundary  layer  effects  are  included  in  3D 
testing  aside  fros  the  growth  in  the  empty 
test  section. 

3.6. b.  For  2D  tests  the  residuals  are  usually  so 

small  that  corrections  to  model  perforsance 
data  are  meaningless  in  relation  to  other 
measurement  errors  such  as  in  a.  Output  is 
in  the  fora  Sa,  Sh  .  9a/dx  converted  to  an 
Induced  casber. 

For  3D  tests  the  residuals  are  presented  as 
contour  plots  for  each  of  the  three 
cosponents  of  wall-induced  perturbation. 

Corrections  for  the  residuals  are  not  made 
at  present. 

3.7.  a.  Six  sodels  plus  yawseter  and  wake  traverse 

probe. 

3.7. b.  2D 

(i)  Aerofoil  section  NACA  0012-64.  Hlth 
straight  walls,  blockage  8  X,  chord:  height 
0.67.  Speed  range  fros  low  subsonic  to  Mach 
0.96.  a  range  -4  to  ♦  6  degrees. 

(ii)  Aerofoil  section  NPL  9510.  Hlth 

straight  walls,  blockage  ll  X,  chord:height 
1.0.  Speed  range  fros  low  subsonic  to  Mach 
0.87.  a  range  0  to  6  degrees. 

(ill)  Aerofoil  section  CAST  7.  With 
straight  walls,  blockage  8  X,  chord:  height 
0.67.  Speed  range  fros  low  subsonic  to  Mach 
0.82.  a  range  -2  to  ♦S.S  degrees. 

3D 

(!)  Sidewall  sounted  aspect  ratio  2  cropped 
delta  wing.  Ratio  of  tip  chord  to  root 
chord  0.143.  Leading  edge  sweep  56  degrees. 
Zero  trailing  edge  sweep.  Straight  wall 

blockage  4.1  %  .  Ratio  of  semi -span  to 
width  of  tost  section  0.58.  Ratio  of  root 
chord  to  length  of  test  section  is  0.14. 
Ratio  of  planfors  area  to  test  section  flow 
area  is  0.34.  Mach  range  0.3  to  0.9.  a 
range  -11  to  ♦  10.4  degrees. 

(ii)  Sidewall  sounted  aspect  ratio  2.64 

swept  wing.  Ratio  of  tip  chord  to  root 
chord  0.38.  Leading  edge  sweep  49  degrees. 
Trailing  edge  sweep  27  degrees.  Straight 
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wall  blockafe  3.4  X.  Ratio  of  aeai-apan  to 
width  of  teat  section  0.67.  Ratio  of  root 
chord  to  lencth  of  teat  section  la  0.091. 
Ratio  of  planfora  area  to  teat  section  flow 
area  is  0.28.  Nach  range  0.6  to  0.9  a 
range  -6  to  ♦  10  degrees. 

(iii)  Sting~Bcunted  aspect  ratio  3.2  wing- 
body  force  BOdel.  straight  wall  blockage 
2.6  X.  Ratio  of  wing  span  to  width  of  teat 
section  la  0.214.  Hach  range  0.3  to  0.7.  a 
range  -1  to  4  9  degrees. 

3.8.  a.  Halls  are  streaalined  eapty  to  give  zero 

pressure  coefficients  at  all  jack 
centreline  pressure  tappings  (to  an 
indicated  C  standard  deviation  of  less 
than  0.003)  along  both  flexible  walls.  This 
accounts  to  a  first  order  for  the 
developeent  of  the  boundary  layers  along 
the  four  walls.  The  three  eatlsated  wall- 
induced  non-dlsensional  perturbation 
cosponents  at  the  sodel  position  when  thus 
streaalined  but  eapty  are  typically  < 
0.001. 

3.d.b.  The  turbulence  level  aeasured  in  a  very 
siailar  NPL  tunnel  to  TSHT  was  typically 
0.3  X. 

3.8. C.  All  20  aerofoil  aodels  were  tested  at 

duplicated  Mach  and  Reynolds  nuabers  in  at 
least  one  other  tunnel  providing  other 
sources  of  perforaance  inforaatlon,  but 
whether  these  can  be  regarded  as  providing 
sources  of  reliable  calibration  data  is 
questionable.  Only  30  aodel  (Hi)  has  been 
calibrated,  in  the  NASA  7X10  foot  High 
Speed  Tunnel  at  Langley  Research  Center  at 
duplicated  Hach  and  Reynolds  nuabers. 
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(ii)  Lewis,  H.C.  "Eapty  Test  Section 
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(v)  Lewis,  H.C.  "The  Status  of  Three- 
Oiaensional  Testing  in  the  Transonic  Self- 
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Self-streaalining  Flexible-walled  Hind 
Tunnel."  Ph.D.  Thesis.  University  of 
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4.1  None. 

4.2  None. 

4.3  Continuous.  Main  eaphasis  is  on  3D  testing  in 
this  20  tunnel  and  20  testing  in  the  Nach 
range  1  to  1.2  . 


3.8.d.  A  nuaber  of  tests  of  a  20  aodel  in  TSWr 
using  several  streaalining  algorithas,  froa 
the  first  NPL  algoritha  to  the  aost  aodern, 
have  shown  excellent  repeatability  and 
uniqueness  of  solution  (reference  (ill) 
below).  Tests  on  half-wing  (i)  of  3.7. b. 
have  shown  a  repeatability  of  about  0.002 
in  wall-induced  non-diaensional 

perturbations. 

3.0.e.  The  practical  Halts  of  Jack  aoveaent  have 
been  reached  in  20  tests  at  high  a  and  N. 
The  fundaaental  liaits  have  not  been 
explored . 


3.9. b.  Not  applicable. 

3.9. C.  See  3. 6. a.  and  3. 8. a.  In  20  tests  at  H  < 

0.8S  the  effects  of  variations  in  flexible 
wall  boundary  layer  thicknesses  between  the 
eapty  test  section  case  and  a  aodel  test 
have  been  shown  to  be  insignificant  in 
teras  of  aodel  perforaance. 

3.9. d.  Inforaatlon  for  20  tests  is  in  citations 

33,38,62,95,114,125.133,149.178,188  Of  the 
bibliography  plus  references  (iii)  and  (Iv) 
below. 

3.9. e.  Coaputations  of  jack-aoveaent  influence 

coefficients  (Bibliography  itea)  backed  by 
experiaental  verification,  ref.  (iv)  below. 

3. 10.  a. Citations  62,66,75,86,90.95,104,114.125, 

133.138.143.145,146,149,153,178.187,188.217 

218. 

3.10. b.(i)  Goodyer,  M.J.  "Predictive  Hall 

Adjustaent  Strategy  for  Two-Dlaenslonal 
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1.1  NATIONAL  mSICAL  LABORATORY ,  TEDOINGTON. 
HIDOLISIX.  INGLAND  DEPARTHENT  OE  SCIENTIFIC 
AND  INDUSTRIAL  RESEARCH. 

1.2  Dr.  H.J.  Ooodyer,  Reader  in  Experliental 
AerodynMics.  Departeent  of  Aeronautics  and 
Astronautics,  University  of  Southaspton. 
Southaapton  S09  5NH. 

1.3  5  in »  2  in  High  Speed  Wind  Tunnel. 
Aerodynaaics  Division,  NPL. 

1.4  Prototype  adaptive  wall  tunnel,  used  to 
develop  the  technique.  Soae  2D  aerofoil 
testing. 

1.5  Inactive.  Tunnel  disaantled. 

2.1  Dry  air  injector  driven.  Intermittent ,  but  up 
to  several  ainutes  run  tiae.  Open  circuit. 

2.2  5  in  #  2  in  noainal  (12.7  ca  ^  5.1  ca). 
rectangular.  Length  about  lO  in  (0.25  a). 

2.3  Noraal  operation  up  to  choking  speed  with  20 
Bodel  (say  H  a  o.93)  giving  Re  %  0.75»lO* 
(aax)  based  on  2  in  (5.1  ca)  aerofoil  chord. 
Has  been  run  supersonic. 

2.4  Control  of  speed  through  pressure  of  air  in 
chaaber  around  fixed  blowing  slot. 

2. 4.  a.  Rigid  sidewalls.  Flexible  wall  0.015  in. 

(0.36  aa)  thick  foraed  the  narrower  walls. 
All  walls  iaperaeable. 

2.4. b.  Wall  deforaations.  via  screw  jacks  (6  on 

each  wall  at  li  in.  (3.6  ca}  spacing). 
These  penetrated  the  outer  wall  of  tunnel 
and  were  hand-operated. 

2. 5.  a.  2D  Aerofoil  Sections.  Pressure  plotting 

aodels  noraally.  Generally  aerofoils  had  up 
to  2  in.  (5.1  ca)  chord  and  spanned  the  2 
in  (5.1  ca)  dlaension.  No  boundary  layer 
diversions,  suction  slots  or  end  plates,  on 
side-walls. 

2.5. b.  Models,  see  2. 5. a.  Hall  pressures  aeasured 

along  central  line  of  both  flexible  walls 
over  full  length  of  tunnel.  Hake  traverse 
apparatus  downstreaa  of  aodel.  Hence  the 
noraal  practice  for  2D  aodels  was  to 
deteraine  drag  froa  wake  traverses;  lift 
froa  pressure  integration. 

2.5. C.  Not  known. 

3.1.  a.  Hall  shape  via  aicroaeter  settings  on 

external  walls  of  tunnel.  Setting  accuracy 
about  0.001  in  (0.025  u). 

Extent:  whole  test  section. 

3.1. b.  Tunnel  total  pressure  ♦  wall  static 

pressures  constitute  P.  Accuracy  about  0.05 
in  (1.3  aa)  Hg.  Hall  shape  data  constitutes 
0.  streaawlse  position  of  data  is  X. 

3.1. C.  No  coaaent. 

3. 2.  a.  2D  (see  ref.  8) . 

3.2.  b.  In  3.1.b. 

3.2. C.  Analytic,  H  <  i  subcritical 

3.2. d.  A  relationship  between  the  constant 

pressure  and  streaslined  profiles. 

3.2. e.  Sliderule  and  aechanlcal  desk  calculator 

(Brunsviga  and  Merchant) 


3. 3.  a.  Not  relevant. 

3.3. b.  Halls  set  60  X  of  way  froa  '‘straight**  to 

constant  pressure.  No  aodel  Inputs  used. 

3.3. C.  Allowance  for  BL  growth  on  all  4  walls  by 

divergence  of  flexible  walls. 

3. 4.  a.  See  3.l.b. 

3.4.  b.  No  coaaent. 

3.4. c.|the  huaan  being  quickly  learned  to  respond 
and  >in  aagnitude  and  direction  to  the  changes 

3. 4.  d. jin  wall  setting  required  to  achieve 

constant  pressures. 

3.4. e.  Froa  total  head  (H)  and  static  pressure  (p) 

at  a  position  on  the  sidewall  2  chords 
upstreaa  of  a  5.1  cs  chord  aerofoil  aodel. 

3.4.  f.  Not  available. 

3.4. g.  One  iteration  at  all  tiaes. 

3.4. h.  No  autoaation. 

3.5.  a.  The  control  surface  shape  was  based  on 

achieving  constant  pressure  walls  to  within 
0.05  in  (1.3  aa)  Hg.  Stagnation  pressure 
was  1  ataosphere. 

3.5.  b.  Not  relevant. 

3.5. C.  Not  calculated. 

3.5. d.  Model  aeasureaents  not  used. 

3.5. e.  One.  See  2.5.c. 

3.6  Not  atteapted. 

3.7  Several  aerofoils  including  NACA  0020. 
Joukowski  sections.  Blockage  up  to  4.6  %. 

3. 6.  a.  Measureaents  of  static  pressures  along  the 

centrelines  of  the  flexible  walls  and  on 
the  sidewalls  in  the  plane  of  syaaetry 
showed  good  Mach  nuaber  distributions  up  to 
Mach  0.95,  test  section  eapty. 

3.8. b.  No  inforaation. 

3.8. C.  None. 

3.8. d.  No  inforaation. 

3.8. e.  Tests  are  reported  to  : 

M  B  0.93  on  4. ex  blockage  aerofoil  at  o^O 

M  s  0.97  on  2.5X  blockage  aerofoil  at  q=0 

M  «  0.90  on  4.6X  blockage  aerofoil  at  a*l0* 

3. 9.  a.  None. 

3.9. b.  N/A 

3.9. C.  No  coaaent. 

3.9. d.  No  coaaent. 

3.9. e.  This  whole  concept  of  streaalining  is  based 

on  theoretical  analysis. 

3.10  NASA  TH  87639  citations  are: 

Adaptive  Hall  Newsletter  No. 4  -  update  3 

No. 5  -  updates  1,2 

Further  references  are: 

A.  Page,  A.  and  Sargent.  R.F.  Effect  on 
Aerofoil  Drag  of  Boundary-Layer  Suction 
Behind  a  Shock  Wave.  ARC  RAN  1913, 
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October  1943. 

B.  Research  Profrasse  of  Aerodynasics 
Division,  N.P.L.  AC  19.  9138.  Nov^ber 
1945 

4.  Tunnel  nou  dlssantled. 


1.1  NATIONAL  PHYSICAL  UBORATORY,  TEODINGTON. 
MIDDLESEX.  ENGLAND.  DEPARTMENT  OF  SCIENTIFIC 
AND  INDUSTRIAL  RESEARCH  (UP  TO  ABOUT  1965), 
THEN  MINISTRY  OF  TECHNOLOGY.  NOU  DEPARTMENT  OF 
TRADE  AND  INDUSTRY 

1.2  (1)  Dr  E.U.E.  Refers  (Retired:  Ex  Deputy 
Director.  RAE,  Farnboroufh)  64  Thetford  Road. 
New  Malden,  Surrey,  Enfland  KT3  SOT.  Tel:  01- 
942-7452 

(ii)  Mr.  H.H.  Pearcey  (Vlsitlnf  Professor. 
Aeronautics  Departsent.  City  University; 
Consultant  on  Aerodynasic  and  Marine  Flow 
Probless.  Ex  Head  of  Research,  National 
Karitise  Institute) . 

4/4  Church  Road,  Teddington,  Middlesex. 
Enfland.  Tel:  01-997-5535. 

Both  the  above  were  seabers  of  Aerodynasics 
Division,  NPL  until  October  1970. 

1.3  20  in  6  in  High  Speed  Wind  Tunnel. 

Aerodynasics  Division.  NPL. 

1.4  Mainly  research  on  aerofoils  at  subsonic,  and 
later,  transonic  speeds.  At  the  tise  that  this 
wind  tunnel  was  operational  there  were  no 
cosputatlonal  results  Cor  compressible  Clow 
with  shock  waves  and  hence  no  absolute 
criteria  of  accuracy  (but  see  results  on 
sodels  of  different  size,  cosparison  with 
flight  tests  etc.}.  Ue  were  sore  concerned 
with  establishing  physical  understanding  of 
transonic  flow  phenosena  (e.g.  shock-induced 
separation  and  its  effects)  and  hence  of 
ensuring  appropriate  qualitative  nature  of  the 
flow,  e.g.  thin  turbulent  boundary  layers  to 
represent  high  Reynolds  nusbers .  Ue  were 
particularly  reassured  by  reproducing  the 
qualitative  effects  of  shock-induced 
separation  as  observed  on  X-i  aircraft  in 
flight,  and  typified  by  shock-wave  sovesents. 

1.5  Inactive.  "Solid”  flexible  walls  replaced  by 
slotted  walls  in  1954.  Tunnel  dlssantled  c. 
1971. 

2.1  Dry  air  injector  driv«i.  interslttent,  but  up 
to  several  sinutes  run  tise.  Closed  circuit 
froB  June  1954. 

2.2  17  1/2  in  #  e  in  nosinal  (44.5  csw-20.3  cs), 
Rc.<'tangular.  Length  about  48.5  in  (1.23  a). 
Glass  windows  on  2  wider  wa^ls;  flexible  walls 
of  0.02  in  (0.51  SB)  spring  steel  on  narrower 
width. 

2.3  Norsal  operation  up  to  choking  speed  with  20 
Bodel  (say  H  ■  0.90)  giving  Re  3:  1.9  #  10* 
(max)  based  on  5  in  (12.7  cs)  aerofoil  chord. 
Has  been  run  supersonic. 

2.4  Control  of  speed  through  pressure  of  air  in 
chasber  upstreas  of  fixed  blowing  slot.  Supply 
pressure  3S0  pel  max  (25  Bars).  "Nachseter" 
used  to  sense  relationship  between 
(ateospberic)  total  pressure  4  test  section 
static  pressure  (see'Pankhurst  and  Holder* 


(ref. 12)  for  details  of  Machseter). 

2. 4.  a.  Flexible  steel  plate,  in  three  sections 

with  2  Bsall  gaps  of  width  about  1  as,  and 
large  'plenus  chasber*  to  rear  of  wall 
providing  space  for  screw  Jacks.  These 
penetrated  to  outer  wall  of  tunnel  and 
were  hand-operated. 

2.4. b.  Wall  deformations,  via  screw  jacks  (19  on 

each  wall) 

2.5.  a.  2D  Aerofoil  Sections,  but  sose  early  work 

on  3D  sodels  (such  as  the  Meteor  jet 
fighter)  and  some  on  instrusents  (probes, 
including  full-scale  Hark  VII  Pitot -Static 
head.  blast  gauges).  Pressure  plotting 
sodels  norsally.  Generally  aerofoils  had  5 
in  (12.7  cs)  chord  and  spanned  the  8  in 
(20.3  cs)  disension.  Supported  usually  via 
3  pins  entering  holes  in  each  glass  window; 
these  pins  served  to  lead  out  the  pressure 
tubes.  However  other  aerofoil  sizes  (e.g  up 
to  12  in  (30.5  cs)  chord)  were  used  and 
occasionally  the  model  was  supported  fros 
metal  side-walls.  No  boundary  layer 
diversions,  suction  slots  or  end  plates,  on 
side-walls. 

2.5.  b.  Models,  see  2. 5. a.  Wall  pressures  measured 

along  central  line  of  both  flexible  walls 
over  full  length  of  tunnel  (48.5  in,  1.23 
B.).  Hake  traverse  apparatus  downstream  of 
Bodel  position,  with  fitted  static,  total- 
head  and  yaw  probes  to  vary  region  of 
exploration. 

Schlieren  and  shadowgraph  photography  used 
extensively . 

Direct  force  seasuresent  not  usual.  An  air- 
bearing  balance  was  developed  for  the 
tunnel  in  about  1947  but  was  not  used 
significantly.  Hinge-sosent  balances  were 
used  in  tests  on  aerofoils  with  control 
surfaces. 

Hence  the  norsal  practice  for  2D  sodels  was 
to  detersine  drag  fros  wake  traverses;  lift 
fros  pressure  integration. 

2.5. C.  Stages  of  adaptation  were;- 

a)  Adjustsent  of  wall  to  get  uniform  ('open 
jet'}  wall  pressures-  say  1  to  3  sinutes 
running  tise  for  each  a  and  M. 

b)  Calculations  of  wall  settings  required 
for  slnisuB  interference  condition, 
approxisately  5  sinutes. 

c)  Setting  walls  to  required  shape, 
approxisately  3  sinutes. 

Tise  to  acquire  pressure  distribution  on 
aerofoil:  typically  1  sinute  to  ensure 
steady  mercury  sanoseter  readings. 

Wake  Traverse:  up  to  7  sinutes  in  difficult 
high  M,  high  a  case  with  rather  unsteady 
wake  flow. 

Data  taken  at  one  M  and  one  0  for  each  run. 

3.1.  a.  Hall  shape  via  sicroieter  settings  on 

external  walls  of  tunnel.  Extent:  whole 
test  section. 

3.1. b.  Tunnel  total  pressure  4  wall  static 

pressures  constitute  P.  Accuracy  about  0.05 
in  (Hg.  Hall  shape  data  constitutes  0. 
Streaswise  position  of  data  is  X. 

3.1. C.  Sso  thing  and  iitting  done  by  eye  and 

Judgement! 

3.2.  a.  2D  (see  ref .8) . 
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3.2. b.  In  3.1.b. 

3.2. C.  Analytic.  H  <  subcritlcal 

3.2. d.  A  relationship  between  the  constant 

pressure  and  streasllned  profiles. 

3.2. e.  Sllderule  and  eechanlcal  desk  calculator 

(Brunsvlga  and  Narchant) 

3.3.  a.  See  2.5.c.  Knowledge  of  wall  shapes. 

3.3. b.  Wall  set  60  X  of  way  froe  "straltht"  to 

constant  pressure.  No  sodel  Inputs  used. 

3.3. C.  Allowance  for  BL  growth  on  all  4  walls  by 

divergence  of  flexible  walls. 

3.4.  a.  See  3.1.b. 

3.4. b.  No  coseent. 

3. 4.  c.] The  huean  being  quickly  learned  to  respond 
and  Vln  sagnltude  and  direction  to  the  changes 

3. 4.  d. Jin  wall  setting  required  to  achieve 

constant  pressures. 

3.4. e.  Froe  total  head  (H)  and  static  pressure  (p) 

at  reference  position  at  Jack  p/H  «  f(H). 
Reference  position  Initially  at  Jack  5  but 
later  eoved  to  start  of  test  section. 

3.4.  f.  Not  available. 

3.4  g.  One  iteration  at  all  tiees. 

3.4. h.  No  autosation. 

3.5. a.  The  control  surface  shape  was  based  on 

achieving  constant  pressure  walls  to  within 
0.05  In  (1,3  ■•)  Hg.  Stagnation  pressure 
was  1  atsosphere. 

3.5. b.  Not  relevant. 

3.5. C.  Not  calculated. 

3.5. d.  Model  seasuresents  not  used. 

3.5. e.  One.  See  2.S.C. 

3.6  Not  attesped 

3. 7.  a.  At  least  50  aerofoils;  a  few  30  sodels. 

(See  Adaptive  Hall  Newsletter  No. 4  update 
3). 

3.7.  b.  2D  Aerofoils  Include  NACA  0012,  OOlS,  0020, 

64  series.  NACA  2216  (Typhoon  section). 
Clark  Y,  SC  1250,  RAB  series  102,  104, 

Mustang  airfoil,  Goldstein  Roof-Top 
aerofoil)  and  propeller  sections.  Griffith 
section  aerofoil.  Standard  sodel  had  5  In 
(12.7  CB)  chord,  thickness  up  to  15  X  (le 
0.75  In  (1.9  cm))  or  3.75  X  blockage.  More 
usually  10-12  X  thickness.  Range  of  chords 
used  was  2  In  (5.1  cs)  to  12  In  (30. S  cs). 
c/h  ■  5/17.5  ■  0.29  as  standard,  but 

varying  fros  0.11  to  0.69.  N;0.4>.»choklng 
spe^  (say  0.90  at  low  a),  a  :  -5*  to  ♦  is* 
typically 

30  only  a  few  geosetrles  tested. 
Axlsysaetrlc  bodies,  bosbs,  probes.  Meteor 
cllp^  wing  sodel,  blast  gauges,  swept 
wing. 

3. 8.  a.  Variation  In  H  and  p  were  seasured  and  were 

good,  but  no  data  is  available. 

3.6.  b.  (1)  Turbulence  seasuresents  using  spheres 

were  carried  out  In  1942.  The  critical 


Reynolds  nusber  (M  <  0.4)  was  2.86 ‘M  10*  . 
This  cospares  with  a  range  of  1.5#  10*  to 
3.6#  10*  for  various  contesporary  tunnels 
and  3.85*10*  for  free  air. 

(11)  Relatively  low  turbulence  was  Inferred 
fros  the  ability  to  sustain  laslnar  flow  on 
low-drag  aerofoils  up  to  a  Reynolds  nusber 
of  at  least  4  #  lo*  . 

3.6.C.  No  tests.  (Tunnel  used  towards  the  end  of 
Its  life  to  calibrate  slotted  test 
sections) . 

3.8. d.  See  3.2.C. 

Norsal  20  operation  was: 

1)  ‘Straight*  wall  data  up  to  about  M  » 
0.75  (or  lower  at  higher  a  ). 

2)  ‘Streasllned*  wall  data  fros  about  H  » 
0.7  to  choking  speed. 

The  practice  was  to  correct  the  ‘straight’ 
wall  data  by  standard  sethods  for  lift  and 
blockage  effects  and  to  check  that  the 
corrected  data  overla^ed  the  'streasllned' 
wall  data  (in  the  H  >  0.7  to  0.75  range). 

Tests  stopped  when  tunnel  choked  and/or 
shockwaves  reached  the  wall .  Acceptance 
that  'streasllne*  theory  was  thought  by 
sose  to  be  increasingly  inappropriate  as 
supersonic  flow  region  grew,  but  there  were 
no  obvious  discontinuities  In  results . 
There  were  unsuccessful  attespts  to  apply 
Am  corrections  along  the  lines  of  the 
esplrical  corrections  used  by  Evans  in  the 
late  40s  for  RAX  fixed  wall  High  speed 
Tunnel. 

3.8. e.  Gossents  In  3.6.d  apply  to  standard  sodel. 

3. 9.  a.  None. 

3.9. b.  N/A 

3.9. C.  See  3.3. (c).  Dr.  Rogers  Is  convinced  that 

thick  sidewall  boundary  layers  induced  an 
Incidence  change  at  the  aerofoil  centre 
giving  an  effective  finite  span  sodel.  He 
found  that  Integrated  X-force  (along  chord) 
and  Y  force  fros  pressure  distributions 
when  resolved  were  such  less  than  wake 
traverse  drag  indicating  an  actual  flow 
Incidence  greater  than  the  geosetric 
Incidence. 

3.9. d.  No  consents  beyond  those  in  3.e.d. 

3.9. e.  This  whole  concept  of  streaslining  is  based 

on  theoretical  analysis. 

3.10  NASA  TN  87639  citations  4,6,7,8.11,12 

Adaptive  Hall  Newsletter  No. 4  -  update  1,3 
No. 5  -  update  4 
No. 6  -  update  1.2. 

3,4. 

There  are  sany  published  papers  of  data 
from  20  In  e  In  tunnel,  also  sany 
unpublished  papers,  and  (now-lost)  data.  A 
selection  of  references  appears  in  Chapter 
1.  Further  references  are: 

A.  Hyde.  C.A.M.  Turbulence  Heasuresents 
with  Spheres  in  the  N.P.L.  High  Speed 
Tunnels.  ARC  R  and  M  1959.  Septesber 
1942. 

8.  Beavan,  J.A.  and  Hyde.  O.A.M.  Bxasples 
of  Pressure  Distributions  at 
Cospresslblllty  Speeds  on  EC  1250.  ARC  R 
and  H  2056,  Septesber  1942. 
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C.  Pearcey.  H.H.  Drag  Measuresents  on  NACA 
2216  Section  at  Coipresslbility  Speeds 
for  Coiparison  uith  flight  Tests  and 
Theory.  ARC  R  and  H  2093  April  1943. 

D.  Pearcey,  H.H.  Profile  Drag  Heasureeents 
at  Coipresslbility  Speeds  on  Aerofoils 
with  and  without  Spanwise  Hires  or 
Grooves.  ARC  R  and  H  2252,  August  1943. 

E.  Page.  A.  and  Sargent.  R.F.  An  Air- 
injection  Method  of  Fixing  Transition 
from  Laiinar  to  Turbulent  Flow  in  a 
Boundary  Layer.  ARC  R  and  H  2106,  June 

1944. 

F.  Beavan,  J.A.,  Hyde.  G.A.M.  and  Fowler, 
R.G.  Pressure  and  Hake  Heasureients  up 
to  Mach  Nuiber  0.65  on  an  EC  1250 
Section  with  25  per  cent.  Control.  ARC 
R  and  H  2065,  February  1945. 

G.  Holder.  O.U.  Transition  Indication  in 
the  National  Physical  Laboratory  20  in. 

6  in.  High-Speed  Tunnel.  ARC  R  and  H 
2079.  July  1945. 

H.  Research  Prograue  of  Aerodynaiics 
Division,  N.P.L.  AC  19.  9138,  Noveiber 

1945. 

I.  Pearcey,  H.H.  and  Rogers.  E.H.E.  The 

Effect  of  Coipresslbility  on  the 

Perforiance  of  a  Griffith  Aerofoil.  ARC 

R  and  M  2511,  Noveiber  1946. 

J.  Pearcey.  H.H.  and  Beavan,  J.A.  Force  and 
Pressure  Coefficients  up  to  Mach  Nuiber 
0.67  on  the  Goldstein  Roof-Top  Section 
1442/1547.  ARC  R  and  M  2346,  April  1946. 

K.  Beavan,  J.A.,  Rogers.  E.H.E.  and 

Cartwright,  B.E.  High  speed  Hind  Tunnel 
Tests  on  an  Aerofoil  uith  and  without 
two-Diiensional  Spanwise  Bulges.  NPL 

Aerodynaiics  Division  CP  no.  76. 
February  1951. 

4.  Tunnel  now  disiantled. 


UmUC  STATES 

1.1  UNIVERSITY  OF  ARIZONA,  TUCSON,  ARIZONA 

1.2  Professor  U.R.  Sears 

Dept,  of  Aerospace  and  Mechanical  Engineering 
University  of  Arizona 
Tucson.  AZ  85721 
(602)  621-6107 

1.3  Arizona  Adaptable-Hall  Hind  Tunnel 

1.4  Research 

1.5  Operational  (lost  recent  used:  Deceiber  1967) 

2.1  Open  Return 

2.2  Rectangular  50.8  ci  #  50.8  ci  e-  144.8  ci 

2.3  Up  to  M  >  0.09,  Re  *  1.000.000 

2. 4.  a.  Venetian  blind  louvers 

2.4.  b.  Segiented  rotation  of  louvered  vanes 

2. 5.  a.  3D  test.  Generic  V/STOL  Transport  Model. 

Single  Strut  Support 

2.5. b.  LDV  velocity  leasureient 

2.5. C.  45  ain  for  each  iteration,  typical  run 

requires  7  iterations 

3.1.  a.  5  sided  rectangular  box  3/4  size  of  working 

section. 

3.1. b.  Flow  control:  percent  of  opening  of 

Venetian  blind  louvers.  Control  surface 
flow  variables:  tangential  and  norial 
velocities,  32  field  points. 

3.1. C.  Tlie  average  of  data 

3. 2.  a.  3D  panel  lethod 

3.2. b.  0  *  tangential  velocity 

P  «  norial  velocity 

3.2. C.  Nuierical 

3.2. d.  Output  «  lisiatch  in  norial  velocity; 

related  to  X  according  to  equation  (5) 

3.2. e.  Hicro-coiputer  (osborne  l)  ;  CPU  tiie:  1 

linute 

3. 3.  a.  Previous  test 

3.3. b.  None. 

3.3. C.  None. 

3.4.1.  P  •  norial  velocity 

Q  *  tangential  velocity 

X  •  percent  of  opening  of  Venetian  blind 

louvers 

3.4.  b.  dO/dX  ignored 

3.4. C.  txperliental  Cetenination  of  influence 

coefficient  in  the  presence  of  lodel 

3.4. d.  Relaxation  factor  ■  O.lS 

3.4. e.  Prescribed  and  search  for  best  fit 

3.4. f.  See  diagrai  1 

3.4. g.  7  iterations 

3.4. h.  Manual  operation 
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3.5.  ft.  R.M.S.  of  velocity  ■Isifttch;  unifori 

weighinf 

3.5. b.  See  3.2.d. 

3.b.c.  Cftlculfttion  of  rMldual  velocity  error  at 
■odel  location 

3.5. d.  None 

3.s.e.  Variable  nuiber  of  iterations  according  to 
■issatch 

3. 6.  a.  30  adaptation  for  30  test 

3.6.  b.  Residual  error  at  sodel 

3. 7.  a.  One  sodel  only 

3.7. b.  30:  ulng/body/tail 

1:2  wing  span  to  teat  section  width 
1:20  platfors  area  to  test  section  cross- 
section  area;  Lower  surface  blown  flaps 
H  *  0.006  -  0.02 

Angles  of  attack  ■4-23  degrees 

3.8.  a.  Total  head  survey  only 

3.8.  b.  No  data;  turbulence  level  probably  high 

3.8. C.  None 

3.8. d.  Repeatability  varies  according  to  position 

in  working  section;  typically  1  % 

3.8. e.  Low  speed  only 

3.9.  a.  N.A. 

3.9. b.  N.A. 

3.9. C.  N.A. 

3.9. d.  N.A. 

3.9. e.  See  Lee.  D.C.L.  and  Sears.  H.R. 

"Ixperlsent  with  Adaptable-Hall  Hind  Tunnel 
for  Urge  Llff*.  Jourtnl  of  Aircraft.  Vol 
24,  June  1987,  pp.  371-376. 

3. 10.  a. Seen,  H.R.,  "On  the  Definition  of  Free- 

ttreae  Conditions  for  Hind-Tunnel  Teetlni", 
Presented  at  the  Syaposiue  on  Nuaerlcal  and 
Physical  Aspect  of  Aerodynaeic  Flow,  Long 
Beach,  Calif.,  Jan  19-21,  1961,  4  pp.  In: 
Proceedings  (A81-32S71)  California  State 
University  1981. 

Sears,  H.R.,  "Hind  Tunnel  Testing  of  V/STOL 
Configuration  at  High  Lift",  Presented  at 
the  13th  Congress  of  International  Council 
of  the  Aeronautical  Science  (ICAS)/AIAA 
Aircraft  Systen  and  Technology  Meeting, 
Seattle  Washington,  Aug  22-27,  1982.  In; 

Proceedings  Vol  1  (A82-40876),  AIAA  1982, 
pp.  720-730. 

Sears,  H.R.,  "A  Hlnd-Tunnal  Method  for 
V/STOL  Testing",  In;  Recent  Advance  in 
Aerodynaalcs,  pp.  S47-766,  Sprlnger-Verlag, 
1986,  (A87-15463). 

Sears,  H.R.,  and  Lee,  D.C.,  "Rxperleents  in 
an  Adaptable-Hall  Hind  Tunnel  for  v/STOL 
Testing,  AD-A174900,  AF06R-g6-2066TR , 

Septeeber  1986,  N87-19412t. 

3. 10.  b. Lee,  D.C.L.  end  Sears,  H.R.,  "gxperlsent 

with  Adaptable-Hall  Hind  Tunnel  for  Large 
Lift",  Journal  of  Aircraft,  Vol  34,  June 
1967,  pp. 371-376. 


3.11 

4.1 


4.3 

4.4 


).c.None. 

H.A. 


Presently  studying  laprovesent  of  sethod  and 
special  applications. 

N.A. 


1.1  ARNOLD  RNCINggRINC  DEVELOPMENT  CENTER 
ARNOLD  AFB,  TN  37389 
USA 


1.2  Dr.  N.L.  Laster 
AF/DOT 

Arnold  AFB,  TN  37389 
USA 

Telephone:  (61S)  454-7608 
Telex:  554435 

1.3  one-Foot  Aerodynaeic  Hind  Tunnel  (IT),  30 

Adaptive-Hall  Test  Section. 

1.4  Research. 

1.5  Inactive  since  June  1985;  teat  aectlon  and 
control  systea  In  atorage. 

2.1  Contlnuoua-flou,  nonreturn  tunnel  with  2D 
flexible  noszle  and  test  section  ventilated  to 
auxiliary  plenua  evacuation  aystea. 

2.2  0.305  a  height  and  width  of  SRuare  cross 
section,  0.953  a  long. 

2.3  O.S  lIU  l.(>  with  adaptive-wall  instruaentatlon 
(static  pipas)lnstalled;  unit  Reynolds  nuaber 
varies  with  Mach  nuaber  In  range  of  11.5  a  10* 
to  17.2  a  10*  per  aeter. 


2.4.  a.  Perforated  uall  with  60  inclined  holes 

and  porosity  variable  from  0  to  10  t  . 

2.4. b.  Halls  divided  into  64  sejr^^ts.  each  with 

independently-controlled  variable  porosity 
plus  global  plenus-pressure  control,  see 
Fig.  1. 

2.5. a.  3D  testing  with  sting  support  for 

wing/body/tall  sodels,  see  Fig. 2. 

2.5. b.  Uall  Interference  Hodel:  Surface  pressures 

at  134  static  orifices,  see  Fig.  3:  lift  by 
strain  gages  on  sting. 

Interface  Surface;  Static  pressure.  Cp  . 
and  its  radial  derivative,  dCp  /  3  r, 
eeasured  by  two-cosponent  differential 
static  pipes  Mounted  on  a  rotating 
■echanisa  to  sweep  out  a  cylindrical 
surface  with  circular  cross-section  of 
0.254  ■  dlsMter,  see  Fig.  2. 

2.5. C.  No  attespt  sade  to  adapt  in  a  short  tlie 

during  research  investigation;  sodel  data 
acquisition  by  electronically-scanned 
pressure  Modules  takes  a  fraction  of  a 
second. 

3.1.  a.  Circular-cylindrical  surface  (see  2.5.b): 

neasuresents  fros  0.625  body  lengths 
upstreaa  of  nose  to  0.375  body  lengths 
downstrean  of  tail;  Q  =  3Cp/dr  data 
extrapolated  to  1.375  body  lengths  upstreaa 
and  0.958  body  lengths  downstreaa  for 
exterior-flow  calculations,  see  3.I.C. 

3.1. b.  Control  variables:  X|  is  ratio  of  upstreaa 

sidewall  static  pressure  to  tunnel 
stagnation  pressure  (Pf/Pr)  4nd  is 
controlled  by  the  valve  adjusting  global 
plenua  pressure:  Xi,  2  ijilS,  are  porosity 
of  selected  groupings  of  segnents,  with  all 
segaents  in  each  group  of  constant 
porosity,  . 

Flow  Variables:  Each  pipe  has  40  pairs  of 
dlaaetrically-opposed  orifices  which  are 
spaced  nonunlforaly  in  the  axial  direction 
to  accoaaodate  the  disturbance  signatures 
of  typical  Models;  data  obtained  typically 
at  8  azlauthal  positions,  6,  of  the  pipes 
between  15*  froa  vertical  (below  the  aodel) 
and  165*  (above  it),  with  the  assuaption  of 
lateral  syaaetry  for  laterally  syaaetric 
Models;  total  of  640  data  points,  of  which 
320  are  P  «  Ca  and  320  are  Q  *  9Cp/dr,  to 
provide  the  data  required  for  adaptation. 

3.1. C.  No  filtering  or  saoothing  of  data  was  used; 

interpolation  by  spline  fitting: 
extrapolation  of  0  beyond  the  aeasuroents 
accoaplished  by  assuaing  Q  «  0.0,  which  is 
indicated  by  the  Measured  data  and  by  aodel 
flow  field  predictions. 

3. 2.  a.  Fully  30  in  cylindrical  coordinate  systea 

(x.r.e);  aaauae  lateral  syaaetry. 

3.2.  b.  p  «  Cp  ■  -2v«  ,  0  >  3Cf  /9r  «  -2  9Vd  x  as 

in  3.l.b,  where  v<  and  v«.  are  perturbation 
velocity  coaponents  in  the  axial  direction 
and  noraal  to  the  interface. 

3.2. C.  Nuaerlcal  aolutlon  of  transonic  saall 

disturbance  equations  written  in  terns  of 
the  acceleration  potential,  which  is 
interpreted  here  as  Cp  ;  applied  for  M«*  <i 
but  with  locally  supersonic  flow  existing 
at  the  interface. 

3.2. d.  Output  is  P  ■  Cp  ,  which  is  related 


indirectly  to  the  control  variables  Xj 
(plenua  pressure  and  wall  segment 
porosity):  relationship  aust  be  found  by 
experiaental  aeasureaent  of  influence 
functions  dF}*  /3Xj  ,  see  3.4.b. 

3.2. e.  PDP  11/73  ainicoaputer  dedicated  to 

adaptive-wall  tunnel;  approxinately  7 
alnutes  for  exterior  flow  calculation  at 
<  0.90.  15  alnutes  at  «  0.95  . 

3. 3.  a.  Not  used  to  date. 

3.3.  b.  Not  used  to  date. 

3.3. C.  Experiaents  to  date  have  begun  with  unlfora 

porosity  and  the  eapty  tunnel  calibration 
value  of  the  ratio  of  plenua  pressure  to 
stagnation  pressure. 

3. 4.  a.  P.Q  and  X  are  defined  above  in  3.l.b  and 

3.2. b. 

3.4. b.  Equation  (6)  is  used  with  an  entirely 

different  procedure  froa  that  in  the  teras 
of  reference.  First,  the  aatrix  Inversion 
in  Eq.  (8)  is  replaced  by  a  constant 
relaxation  factor,  so  APJ  ■  k  DJ^  .  Then  a 
noraalized  aerit  function  Y  is  defined 
by 

Y-  J  /  J  WiVr.  da 


Where  H(x)  is  a  weighting  function  and  S  is 
the  interface  surface.  For  efficiency,  the 
integration  was  Halted  to  the  x- 

integration  at  two  representative  8  values 
namely  8  c  65  *  and  IIS*  Next,  each  Xj 
is  perturbed,  in  turn,  and  df)*"  /8Xj  is 
measured  at  the  represenutive  8.  These 
data  are  used  to  replace  pf  with  ff  *  Off 
/3Xj  )  Z1  Xjto  reevaluate  Y  so  that  the 
gradient  dy/3Xj  can  be  calculated. 
The  gradient  projection  method  for 

optlaization  is  used  to  deteraine  a  one- 
diaensional  search  direction  in  teras  of 
the  Xj  .  A  sequence  of  successively  larger 
steps  is  performed  in  this  search  direction 
to  find  the  ainlaua  v  .  which  is  the  best 
fit  of  a  revised  to  the  target 

distribution  Pf  ♦kDQ  The  iteration 
continues  by  repeating  the  entire 

procedure,  see  Fig.  4  and  3.4.f  below. 

The  iteration  strategy  which  worked  best  is 
as  follows: 

1)  In  first  iterative  step,  only  X|  «  P,  /Py. 
control  variable  is  active  with  the 
weighting  function  H(x)  «  0.0  everywhere  on 
the  interface  along  x  except  in  the 
iaaediate  vicinity  of  the  tail  where  H(x)  s 
l.O. 

2)  In  succeeding  iterative  steps,  Xt  is 
Inactive  snd  the  various  wall  segment 
grouping  porosities  Xj  •Zj  are  active  with 
H<x)  ■  0.0  on  the  interface  except  in  the 
vicinity  of  the  wing  where  U(x)  •  1.0. 

3.4. C.  Influence  functions  aeasured  experimental ly 

at  each  iterative  step,  see  3.4.b.  and  Fig. 
4. 

3.4. d.  Unlfora  relaxation  factor  of  k  ■  0.75  was 

used. 

3.4. e.  Hm  and  a  are  prescribed:  tbe  iteration 

drives  P  ■  Cr  to  the  distribution  which 
satlafiea  the  exterior  flow  condition  (Iq. 
(1)  in  teras  of  reference)  subject  to  the 
approxiaationa  discussed  in  3.4.b:  flow- 
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ancle  probes  on  upper  and  loner  walls  at 
beglnninc  of  perforated  sefeents,  see  Flf. 
2,  verify  that  no  flow  Inclination  relative 
to  the  eepty  tunnel  calibration  has  been 
introduced . 

3.4.f.  See  Flc-  4;  in  procedure  described  in 

3.4.  b,  there  are  no  constraints,  so  only 
the  optialzation  sesrch  branch  is  used. 

3.4. f.  Two  or  three. 

3.4. h.  Fully  autoeated  and  controlled  by  dedicated 

PDF  11/73  linlcoaputer;  operator 
intervention  possible  to  inspect  and  check 
data  and  to  revise  paraeeters  involved  in 
iteration  procedure. 

3.5. a.  See  3.4.b. 

3.5. b.  In  experleents  to  date,  iteration  continued 

until  llslt  of  porosity  control,  Xj  ,  uas 
reached  uhlle  searchlnf  to  achieve  linisua 

y. 

3.5. C.  Merit  function,  y  ,  uas  reduced,  as 

described  in  3.4.b,  until  the  lielts  of 

3.5. b.  were  reached. 

3.5. d.  Model  surface  pressures  were  sonitored 

alone  a  rou  of  orifices  on  the  fuselage  and 
along  rays  at  3  seeiapan  stations  on  the 
wing  and  2  on  the  tall,  see  Fig.  3,  but  not 
used  as  criteria  for  ending  iteration. 

3.5. e.  Not  used. 

3. 6.  a.  Hall  interference  assesseent  and  correction 

(HiaC)  procedures  are  currently  under 
developeent  at  AlOC  for  fully  30 
configurations ;H.<1,  but  with  supercritical 
flow  present,  in  general,  at  aodel  and 
interface,  using  nuaerical  solution  of  both 
the  transonic  ssall  disturbance  theory 
equations  and  the  guler  equations. 

3.6. b.  Output  in  two  fores  is  being  inveatigatedi 

first,  OCr  is  evaluated  everywhere  on 
aodel  and  is  integrated  to  obtain  OCi  and 
at  the  tunnel  test  conditions  of  H_  , 
a;  second,  dlM.  and  Ao  as  well  as 
residusl  ACp  ,  and  ^Cn  at  the 

corrected  Mach  nuaber  M^  +  AM.,  ;  contour 
plots  of  interference  on  the  aodel  or 
throughout  the  flow  field  are  possible. 

3. 7.  a.  One  test  article  to  date. 

3.7. b.  3D:  Hing/Body/Tail  configuration  shown  in 

Fig.  3;  in  IT,  blockage  •  2. SO  t,  wing 
span/tunnel  width*  0.7000,  body  length/test 
section  length  >  0.320,  and  total  planfora 
area/tunnel  crosssection  area  «  0.160; 
negligible  or  correctable  interference  for 
H.  1  0.80,  adaptations  carried  out  for 
M«  •  0.90,  a  •  0*  and  4*,  and  H«  ■  0.95, 
o  •  4*  . 

3. 8.  a.  lapty  tunnel  uas  calibrated  to  give  ratio 

of  plenua  prasaure  to  stagnation  pressure 
as  a  function  of  unlfora  poroaity  -  results 
agread  with  earlier  data  aiallar,  but  non- 
aegaented  walls. 

3.8. b.  Not  investigated. 

3.8. C.  All  adapted  data  in  IT  were  coaparad  with 

reference  data  obtained  on  the  saae  aodel 
in  the  AIOC  Four-Foot  Aarodynsalc  Hind 
Tunnel  (4T);  in  4T,  the  blocks^  •  0.16  %, 
wing  span/tunnel  width  •  0.175,  body 
longth/test  section  length  •  0.080,  and 


total  planfora  area/tunnel  cross-section 
area  *  0.010. 

3.8. d.  Lialted  repeatability  studies  were 

satisfactory. 

3.8. e.  Insufficient  data  available  at  this  tiae. 

3. 9.  a.  None. 

3.9.  b.  Not  applicable. 

3.9. C.  Not  investigated. 

3.9. d.  Initial  conditions  ware  unadapted  results 

at  calibration  conditions,  see  3.3.c; 
adapted  results  were  superior  to  the 
unadapted. 

3.9. e.  None. 

3. 10.  a. References  135,  155,  and  184  in  NASA-TN- 

87639;  Reference  9  in  Adaptive-Hall 
Newsletter  No. 4  bibliography  update. 

3.10. b.A  recent  paper  concerning  wall-interference 

calculations  for  the  aodel  of  Fig.  3  using 
nuaerical  solution  techniques  for  the  Ruler 
equations  is; 

Donegan,  T.L.,  Benek,  J.A.,  and  Erickson, 
J.C.,  Jr.  "Calculation  of  Transonic  Hall 
Interference."  AIAA  Paper  No.  87-1A32,  June 
1987. 

3. 10.  c. None. 

4.1  None  planned. 

4.2  None  planned. 

4.3  None  planned  for  about  2  years. 

4.4  A  cooperative  prograa  with  NASA  Langley 
Research  Center,  DFVLR,  and  Domler  will 
include  aeasureaent  of  interface  data  during 
4T  testing  for  HIAC  purposes. 

4.5  None  planned. 


A-34 


ADVANCID  TECHNOLOGY  CENTER 


1.1  CALSPAN  CORP. 

P.O.  BOX  400 
BUFFALO.  NY  14225 

1.2  J.C.  Erickson,  Jr. 

Calspan  Corp./AEDC  Operations 
HS600 

Arnold  AFB,  TN  37389 
USA 

Telephone:  <615)  454-6691 
Telex:  554435 

1.3  Calspan  One-Foot  Tunnel. 

1.4  Research. 

1.5  Inactive  since  1960:  test  section  and  scat  of 
tunnel  circuit  dissantled  and  in  storace. 

2.1  Continuous-flow,  closed-return,  variable- 
density  wind-tunnel  (see  Refs.  36  and  64  in 
NASA-TM-e7639) . 

2.2  0.305  B  heicht  by  0.2S4  s  width  rectancular 
cross  section.  1.676  ■  loni. 

2.3  0.5SlH<1.0  with  adaptive-wall  instrusentation 
(static  pipes)  installed:  unit  Reynolds  nuiber 
for  adaptive-wall  experiaents  was  6.56*10* 
per  aeter. 

2. 4.  a.  2D  with  solid  sidewalls;  perforated  upper 

and  lower  walls,  0.00159  a  thick,  with 
noraal  holes  of  0.00159  a  diaaeter  on 
0.00316  a  centers  and  noainal  porosity  of 

22.5  X. 

2.4. b.  10  independently-controlled.  secaented 

plenua  chaabers  beyond  upper  wall;  8  beyond 
lower  wall;  each  plenua  chaaber  controlled 
by  a  valve  to  the  tunnel  stillins  chaaber 
for  pressure  and  to  an  auxiliary  coapressor 
for  suction. 

2. 5.  a.  2D  experiaents  only;  airfoils  supported  by 

sidewalls. 

2.5.  b.  Two  NACA  0012  aodelS: 

0.152  a  chord  with  0.064  a  wide  aetric 
section  with  a  three-coaponent  force 
balance  at  tunnel  centerline  and  an 
adjacent  row  of  static  pressure  orifices. 

0.102  a  chord  with  centerline  row  of  static 
pressure  orifices.  Experiaents  were 
perforaed  in  two  basic  phasM: 

Phase  I:  Hlldly  supercritical  flow  with 
weak  shocks  at  the  aodel,  but  subcritical 
flow  at  the  interface;  0.1S4  a  chord  aodel 
(Refs.  36  and  64). 

Phase  II:  Strongly  supercritical  flow  with 
strong  shocks  at  the  aodel .  and 
supercritical  flow  at  the  interface;  0.102 
a  chord  aodel  (Refs.  76,  100,  lio,  and 

135). 

Interface  aeasurseent  capability: 

Phase  1:  static  pressure.  .  aeasured  by 
upper  and  lower  static  pipes,  each  of 
0.0127  a  diaaeter  with  a  single  row  of  52 
static  pressure  orifices;  noraal  velocity. 
Vfl  ,  aeasured  by  16  flow-angle  probes,  one 
above  the  center  of  each  plenua  chaaber. 

Phase  11:  Cf  and  the  longitudinal 
derivative,  PVa/6x.  aeasured  by  upper  and 
lower  two-ceaponent  differential  static 
pipes,  each  of  0.0159  a  diaaeter  with  16 
pairs  of  differential  orifices  and  IS 


single  orifices;  15  flow-angle  probes 
retained  to  aeasure  v  and  fix  constants 
of  integration  (Refs.  100,  110,  and  A16). 

2.S.C.  Totally  aanual  operation  with  exterior-flow 
calculations  perforaed  off-line;  all 
pressure  data  acquired  via  Scanlvalves,  but 
with  aanual  reading  fros  a  digital 
vol tester. 

3.1.  a.  Doubly-infinlte  lines  above  and  below 

aodel;  data  extrapolated  up-and  downstreaa 
of  aeasureaents  based  on  theoretical 
considerations. 

3.1. b.  Control  variables:  Xj  .  1  i  J  i  18.  were 

the  valve  settings  controlling  the 
pressure/suction  level  in  plenua  j ; 
throughout  the  adjustaent  process.  a 
representative  C  value  upstreaa  was  held 
fixed  (see  3.4.e).  Plow  variables: 

Phase  I:  P  Vk  s  .  c^/2  as  aeasured  on 
each  pipe;  and  Q  -  v^  as  aeasured  by  each 
flow-angle  probe  (see  2.S.b). 

Phase  II:  p  s  V|  s  -  Cp/2  as  aeasured  on 
each  two-coaponent  pipe;  and  0  *  as 

integrated  using  the  probes  and  pipes  (see 

2.S.b). 

3.1. C.  No  filtering  or  saoothing  of  data. 

Phase  I:  Interpolation  and  extrapolation  by 
Bultipole-expanslon  technique  (see  3.2.C 
and  Refs.  23,  36,  and  64). 

Phase  II:  Interpolation  by  cubic  splines; 
extrapolation  of  v^  by  fairing  to  zero  as 
indicated  by  the  aeasured  distributions  and 
aodel  flow  field  predictions  at  H  i  0.90. 

3.2. a.  2D  flow: 

Phase  I:  Prandtl-Glauert  (P-C)  equation, 
linearized  coapressible  flow. 

Phase  II:  Transonic  saall  disturbance 
equations  (TSDE). 

3.2. b.  P  »  ^  •  -  C^/2 

0  s  v„ 

3.2. C.  Phase  I:  v  aeasureaents  fit  by  least 

squares  to  obtain  coefficients  in  a 
Bultipole  expansion  (HPE)  techniques;  v 
then  evaluated  froa  HPE  procedure  (see 
Refs.  23,  36.  and  64);  used  for  H  i  0.725. 

Phase  II:  vri  aeasureaents  interpolated  and 
extrapolated  as  boundary  conditions  for 
nuaerical  finite-difference  solutions  to 
the  TSDE  for  the  velocity  potential,  which 
is  differentiated  nuaerically  to  deteraine 
Vt  ;  used  for  H  i  0.95. 

3.2. d.  Output  is  Vjt  «  P.  which  is  related  to  the 

valve  settings  X  by  aeans  of  influence 
functions  resulting  froa  the  response  of 
everywhere  along  the  interfaces  to 
individual  plenua  pressure  changes  (see 
3.4.C). 

3.2. e.  IBM  370/165  central  coaputer  at 

Calspan/ ATC. 

3. 3.  a.  Phase  1:  not  usedv 

Phase  II:  After  successful  iteration  at  H  ■ 
0.9,  a  ■  3*  (see  3.3.b),  o  •  2*  was  set 
with  valve  settings  unchanged;  sane 
procedure  used  successively  to  reduce  a  to 
!•  . 
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3.3. b.  Phase  I:  Cosputational  results  for  vy  fros 

P-G  representation  of  airfoil  by  a  vortex, 
source,  and  streasuise  doublet. 

Phase  II:  CMputational  results  for  Mi 
froa  TSOC  nuaerical  solution  for  M  «  0.9. 
a  «  3*  case  (see  3. 3. a). 

3.3. C.  Phase  I:  Not  used. 

Phase  IZ:  Not  used. 

.  3. 4. a.  P  B  Vj(  «  -Cf/2 
Q  •  ^ 

X  *  valve  settings  to  achieve  desired 
pressure  in  each  plenus. 

3.4.  b.  The  entire  tera  {  in  Eq.(8)  was 

replaced  by  a  constant  relaxation  factor, 

h. 

3.4. C.  Influence  functions  between  iix  and  AP  ~ 

Avy  were  investisated  experlaentally; 
basically,  if  an  upstreaa  Cp  were  held 
fixed,  adjustlnc  the  valve  settins  of  each 
plenuB  had  the  effect  that  Avk  was 

approxiaately  zero  upstreaa  of  that  plenus 
a^  constant  downstreas;  hence,  adjacent 
upper  and  lower  plenus  valves  were  adjusted 
siaultaneously  beslnnins  at  the  upstreaa 
end  and  sweepinc  sequentially  downstreaa 
settins  V,  iaaedlately  downstreaa  of  the 
pltfiua  beinc  adjusted;  two  or  three  sweeps 
were  sufficient. 

3.4. d.  Phase  1;  k  -  0.2S 

Phase  11:  k  *  0.50 

3.4. e.  An  upstreaa  pipe  orifice  was  correlated 

with  a  sidewall  orifice  farther  upstreaa  to 
aaintain  Ca  «  0  there;  angle  of  attack  was 
set  geoaetrically.  but  care  had  to  be 
exercised  during  the  valve  adjustaent 
process  (upper  and  lower)  at  the  upstreaa 
end  of  the  test  section  to  avoid  an 

unintentional,  unifora  crossflow  coaponent. 

3.4. f.  See  attachaent  for  slaplifled  version. 

3.4. C.  Phase  I:  6  or  7  . 

Phase  II:  3. 

3.4.  h.  None. 

3. 5.  a.  None.  only  a  qualitative  aeasure  of 

agreeaent  between  P^  and  P  [Qm  ]  was 
assessed  and  iteration  terainated  when 
iaproveaent  was  no  longer  possible. 


Phase  II:  4  X  blockage,  chord/tunnel  height 
«  0.333; 

H  »  0.90,  a  e  1*  ,2*  .  and  3* 

3. 8.  a.  Eapty  tunnel  calibration  without  active 

wall  control  showed  a  20  X  acceleration  of 
the  flow  over  the  length  of  the  test 
section;  active  wall  control  reaoved  this 
acceleration  (Ref.  36). 

3.8. b.  Not  investigated. 

3.a.c.  All  data  were  coapared  with  data  on  the 
0.152  a  chord  aodel  in  a  dedicated  test 
prograa  in  the  Calspan  Eight-Foot  Tunnel; 
both  One-Foot  and  Eight-Foot  testing  was  at 
the  sane  Reynolds  nuaber  with  fixed 
transition  (Ref.  24). 

3.8. d.  Not  investigated. 

3.8. e.  Not  investigated  thoroughly,  but  saaller 

0.102  a  chord  aodel  was  built  to  overcoae  a 
perceived  lack  of  control  at  H  >  0.75 

(Refs.  70  and  78). 

3. 9.  a.  None  deliberately,  but  at  H  «  0.8S.  a  »  1* 

it  was  not  possible  to  achieve  a  steady 
flow  (Ref.  78). 

3.9.  b.  }tot  applicable. 

3.9. C.  Boundary  layers  on  perforated  walls  were 

Investigated  (Refs.  36,  64,  and  137). 

3.9. d.  Not  investigated. 

3.9.  e.  Nuaerical  slaulations  of  the  basic 

iterative  procedure  were  perforaed  for 
subcritical  flows  (Refs.  23  and  36)  and  for 
supercritical  flow  (Ref.  36  and  unpublished 
STA  paper  in  3.10.b).  Nuaerical  slaulations 
of  segaented-plenuB.  perforated-wall  test 
section  were  aade  (Ref.  137);  seai-eaprical 
aodel  of  entire  tunnel,  including  auxiliary 
pressure  and  suction  aysteas,  was  developed 
(Refs.  70  and  78). 

3. 10.  a. Of  aany  papers  and  reports  in  NASA-TM- 

87639.  aost  iaportant  and  accessible  are 
Refs.  23-25,  36,  53.  64.  70.  78.  100,  110, 
135,  137,  and  A16. 

3. 10.  b. Erickson.  J.C.,  Jr.  "The  Concept  of  a  Self- 

Correcting  Wind  Tunnel'",  Presented  at  the 
42nd  Sealannual  Meeting  of  the  Supersonic 
Tunnel  Association,  Buffalo,  NY,  October  1- 
2.  1974  (see  3.9.e) . 

3. 10.  c. None. 


3.5. b.  Not  used,  unless  available  control  Halts 

were  reached,  whereupon  iteration  was 
terainated. 

3.5. C.  Not  used. 

3.5. d.  Not  used,  but  aonltored. 

3.5. e.  Not  used. 

3. 6.  a.  Not  used. 

3.6. b.  Not  used. 

3. 7.  a.  2,  see  2.5.b. 

3.7. b.  20;  NACA  0012  sections,  see  2.5.b. 

Phase  I:  6  X  blockage,  chord/tunnel  height 
>  0.5; 

H  >  0.55,  a  *  4*  and  6* 

N  •  0.725,  0-2* 


4.1  None 


4.2 

4.3 

4.4 


4.5 


None 

None 

None 

None 


SOI  DanniK  iiia  Tam  son 


IT 

miKi.  rinaa 
NaanTimi 


I 

I 


L 


Ik 


A-36 


1.1  NASA  AMES  RESEARCH  CTR. 

MOFFETT  FIELD.  CA  94035 

1.2  Edward  Schairer.  Aerospace  Ensineer 
M.S.  260-1 

NASA  AMES  Research  Center 
Moffett  Field.  CA  94035 
(415)  694  -  4143 

1.3  25*13  cs  Indraft  Tunnel 

1 . 4  Research 

1.5  Inactive  (1980) 

2.1  Indraft.  Choked  Nozzle  Oounstreas,  continuous 

2.2  Rectangular 
13  CB 

25  CB 
74  CB 

2.3  M  <  0.80  AtBospheric  total  pressure 

2. 4.  a.  Slotted  top  and  bottoB;  solid  side-walls 

2.4.  b.  PlenuB  pressure,  segBented  (10  upper.  10 

lower) 

2. 5.  a.  2-D  Airfoil  spanning  test  section. 

supported  by  side-walls 

2.5.  b.  Surface  pressures  seasured  at  orifices  with 

scan! valve  pressure  transducer. 

1  -  CoBponent  LV 
Scanivalve  Press.  Transducer 

2.5. C.  **  1  Hour 

"  10  Sec 

3.1.  a.  2-Level  interference  assessnent.  Levels 

were  at  t  0.4  C  and  t  0.67  C  and  extended 
2.3.  C  upstreaa  and  downstrean  of  aodel 
duarter-chord.  No  extrapolation. 

3.1. b.  X  20  PlenuB  coapartnent  pressures.  Strongly 

coupled. 

P  Upuash 

Np  10  at  0.33C  intervals 
Accuracy  "  t  0.3  a/sec 
Q  upwash 

N«  15  at  0.33  c  Intervals 
Accuracy  *  i  0.3  a/sec 

3.1. C.  Filtering  :  None 

SBOothlng  .'  None 
Extrapolation  :  None 

3. 2.  a.  2-D  Prandtl  -  Glauert 

3.2. b.  P  :  upuash 

0  :  upwash 

3.2. C.  Analytic  solution  integrated  nuBerlcally 

3.2. d.  Upwash,  related  to  X  by  eBpirical  influence 

coefficients 

3.2. e.  Data  General  Eclipse  S  200 

”  1  sec 

3. 3.  a.  All  tests  begun  with  “Passive**  walls-  no 

BASS  flow  through  walls 

3.3. b.  Not  applicable. 

3.3. C.  Unknown 

3. 4.  a.  See  a.i.b. 

3.*.b.  AXj  •  <  9P,  BXjf'oP, 


3.4. C.  Experiaents 

3.4. d.  0.5 

3.4. e.  Mach  No.  deterained  froa  upstreaa  side-wall 

pressure  tap,  total  press,  and  total  teap. 
Free-streaa  direction  assuaed  to  coincide 
with  tunnel  axis. 

3.4. f.  See  attachaent. 

3.4. g.  3 

3.4. h.  All  processes  autoaated  except  for 

adjustaent  of  plenua  pressures  which  was 
done  aanually  following  coaputer 
instructions . 

3. 5.  a.  RMS  difference  between  theory  and  exp.  at 

control  points.  Equal  weights. 

3.5. b.  Arbitrary  decision  of  operator. 

3.5. C.  Not  used 

3.5. d.  Not  used. 

3.5. e.  Not  used.  Iteration  continues  until  figure 

of  aerit  shows  no  further  iaproveaent 

3. 6.  a.  Not  used. 

3.6.  b.  - 

3. 7.  a.  1 

3.7. b.  NACA  0012 

Blockage  7  X 
C/H  0.586 
H  range  0.6-4  0.8 
a  range  0*,  2* 
b/w 

Sw/(hxw)- 

3.6.  a.  Axial  Mach  distribution  aeasured  using 

side-wall  pressure  taps.  Standard  deviation 
typically  0.006. 

3.8. b.  Unknown 

3.6. C.  Airfoil  pressure  distribution  coapared 

with  Calspan  8*  U.T.  data 

3.d.d.  Not  deterained 

3.8. e.  Mach  Halted  to  0.80  ;  condensation  at 

higher  Mach  Interfered  with  LV 

3.9.  a.  Not  applicable 

3.9. b.  Not  applicable 

3.9. C.  Not  investigated 

3.9. d.  Not  applicable 

3.9. e.  None 

3.10. a.l.  BODAPATI,  SCHAIRER,  DAVIS,  "Adaptive- 

Uall  Hind  Tunnel  Developaent  for  Transonic 
Testing",  J.  of  Aircraft  Vol  18,  No  4  . 
April  1981. 

2.  DAVIS,  “A  CoBpatibility  Method  for 
Adaptive-Wall  Wind  Tunnels*',  AlAA  J.,  Vol 
19,  Sept.  1961. 

3.  SCHAIRER  and  MENDOZA,  “Adaptive-Wall 
Wind  Tunnel  Research  at  Aaes  Research 
Center",  AGARD  CP  335,  Sept.  1982. 
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1.1  NASA  ANES  RESEARCH  CTR. 

MOFFETT  FIELD,  CA  94035 

1.2  Edward  Schairer,  Aerospace  Engineer 
M.S.  260-1 

NASA  AMES  Research  Center 
Moffett  Field.  CA  94035 
(415)  694  -  4143 

1.3  25«13  ca  Indraft  Tunnel 

1.4  Research 

1.5  Inactive  (1981) 

2.1  Indraft,  Choked  nozzle  dounstreaa,  continuous 

2.2  Rectangular 
13  ca 

25  ca 
74  ca 

2.3  M  <  0.80 

Ataospheric  total  pressure 

2. 4.  a.  Slotted  top  and  bottom ;  solid  side-walls 

2.4.  b.  Plenum  pressure,  segmented  (18  upper,  18 

lower  } 

2. 5.  a.  3-D  sidewall  mounted  seal -span  wing 

(tapered,  unswept) 

2.5. b.  Model  loads  measured  by  6  -  coaponent 

balance 

1  -  coaponent  LV 
Scanivalve  Press.  Transducer 

2.5. C.  "  1  Hour 

*•  1  sec 

3.1.  a.  2  -  Surface  interference  assessaent.  Each 

surface  was  a  right  rectangular  prisa 
extending  2.3  mean  aero,  chords  upstreaa 
and  downstream  of  aodel  quarter-chord.  No 
extrapolation. 

3.1. b.  X  36  Plenum  coapartaent  pressures.  Strongly 

coupled 
P  Upwash 
ti,  49 

Accuracy  "  i  0.3  a/sec 
0  Upwash 
K  49 

Accuracy  t  0.3  a/sec 

3.1. C.  Filtering  ;  None 

Saoothing  :  None 
Extrapolation  :  None 

3. 2.  a.  3-D  Linearized,  Coapresslble. 

3.2. b.  P  :  upwash 

0  :  upwash 

3.2. r..  Finite  differences 

3.2. d.  Upwash,  related  to  X  by  «plrical  influence 

coefficients 

3.2. e.  Data  General  Eclipse  S  200 

^  30  sec 

3. 3.  a.  All  tests  begun  with  "Passive"  walls  -  no 

eass  flow  through  walls 

3.3. b.  Not  applicable 

3.3. C.  Unknown 


3.4. b.  4Xj  =  {  91>  /»Xj  )'d? 

3.4. C.  Experiments 

3.4. d.  0.5-H.0 

3.4. e.  M:  Mach  No.  deteralned  from  upstreaa  side¬ 

wall  pressure  tap,  total  pressure,  and 
total  teaperature. 

a:  Free-streaa  direction  assumed  to 
coincide  with  tunnel  axis. 

3.4.  f.  See  attachment 

3.4. g.  3 

3.4.  h.  All  processes  automated  except  for 

adjustment  of  plenua  pressures  which  was 
done  aanually  following  computer 
instructions 

3. 5.  a.  RMS  difference  between  theory  and  exp.  at 

control  points.  Equal  weights. 

3.5. b.  Arbitrary  decision  of  operator. 

3.5. C.  Not  used 

3.5. d.  Not  used 

3.5. e.  Not  used.  Iteration  continues  until  figure 

of  aerit  shows  no  further  laproveaent. 

3. 6.  a.  Not  used 

3.6.  b.  - 

3. 7.  a.  I 

3.7. b.  Seal-span  wing 

Blockage  2.67  % 

M  range  0.6— #0.7 

a  range  0*— #5.3* 

b/w  0.678 
5w/(hxw)  0.44 

3. 8.  a.  Axial  Mach  distribution  measured  using 

side-wall  pressure  taps,  standard  deviation 
typically  0.006. 

3.8.  b.  Unknown 

3.6.C.  Model  lift-curve  compared  to  experimental 
"Free-Air"  data.  Velocities  coapared  to  CFD 
result . 

3.e.d.  Not  deteralned 

3.8. e.  Mach  Halted  to  "'0.80  :  Condensation  at 

higher  Mach  interfered  with  LV. 

3. 9.  a.  Not  applicable 

3.9.  b.  Not  applicable 

3.9. C.  Corner-flow  observed  during  calibration. 

Effect  on  test  was  unknown. 

3.9. e.  Results  correlated  with  numerical 

siaulations  of  J.P.  Mendoza. 

3. 10.  a.  1.  SCHAIRER,  "Experieents  in  a  Three- 

Dlsensional  Adaptive-Hall  Hind  Tunnel", 
NASA  TP  2210,  Sept.  1983. 

2.  DAVIS,  "A  Coepatlbility  Method  for 
Adaptive-Hall  Hind  Tunnels",  AIAA  J.,  Vol 
19  No  9.  Sept.  1981. 

3.  SCHAIRER  and  MENDOZA.  "Adaptive- Hall 
Hind  Tunnel  Research  at  Ames  Research 
Center",  AOARD  CP  335,  sept.  1982. 


3. 4. a.  See  3.l.b. 
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4.HBND0ZA.''A  nuaerlcal  Simulation  of  Three- 
Oimensional  Flow  in  an  Adaptive-Hall  Wind 
Tunnel**.  NASA  TP  2351.  Auf.  1984. 

SCHAIRER,  *'A88e88eent  of  Lift  and  Blockace 
-  Induced  Hall  Interference  in  a  Three- 
Dieenaional  Adaptive-Hall  Tunnel**.  In  NASA 
CP-2319.  1984. 


1.1  NASA  AMES  RESEARCH  CTR. 

HOPFETT  FIELD.  CA  94035 

1.2  Eduard  Schalrer.  Aerospace  Enflneer 
M.S.  260-1 

NASA  AKES  Research  Center 
Hoffett  Field.  CA  94035 
(415)  694  -  4143 

1.3  2  By  2-Foot  Transonic  Hind  Tunnel 

1.4  Research  to  Industrial  Operation 

1.5  Intefrated  systess  test  nearly  cospleted  (Mar 
1988) 

2.1  Continuous.  Closed  return 

2.2  Square 

0.61  B 
0.61  ■ 

0.52  a 

2.3  0.2  1  M  i  1.0 

Ataospheric  total  pressure 

2. 4.  a.  Slotted  top  and  bottoa;  solid  side-walls 

2.4. b.  Plenua  pressure,  segaented 

(32  upper.  32  lower) 

2. 5.  a.  2-D  Airfoil  spanning  test  section, 

supported  by  side-walls 

2.5. b.  Surface  pressures  to  be  aeasured  at 

orifices  with  scanivalve  pressure 

transducer 

2-coBponent  LV 

2.5. C.  To  be  Deterained  (TBD) 

*  10  sec 

3.1.  a.  Instruaentation  and  software  available  for 

either  l  -  or  2  -  Coaponent  Interference 
assessaent.  Heights  of  control  levels  TBD  - 
LV  and  glass  side  -walls  allow  aaxiaua 
flexibility  in  choosing.  Software  in  place 
to  extrapolate. 

3.1. b.  X  64  plenua  coapartaent  pressures.  Expected 

to  be  strongly  coupled 
P  upwash  or  axial 
Nr  32 

Accuracy  TBD 
0  upwash  or  axial 
Nr  32 

Accuracy  TBD 

3.1. C.  Filtering  :  None 

Smoothing  Saoothing  LV  velocity 

distributions  available 
Extrapolation  Data  aay  be  extrapolated 
using  aulti-pole  at  aodel  Quarter-chord  to 
fit  data. 

3. 2.  a.  2-D  Linear,  coapressible,  2-D  l-step,  and 

non-linear  (transonic  saall  perturbatlon- 
TSP) 


3.2. b.  P  :  upwash  or  axial 

Q  :  upwash  or  axial 

3.2. C.  Linear  analytic  solution  evaluated 

nuaerically  TSP  equ.  solved  by  finite 
differences. 

3.2. d.  Upwash  or  axial,  related  to  X  by  eapirlcal 

influence  coefficients. 

3.2. e.  Data  General  Eclipse  S  200 

Linear  sol*n:  i  sec 
TSP  80l*n  :  60  sec 

3. 3.  a.  TBD 

3.3.  b.  Not  applicable 

3.3. C.  TBD 

3. 4.  a.  See  3.l.b. 

3.4. b.  4Xj  =  OF}  /»Xj  )‘*DFJ. 

3.4. C.  Experlsents 

3.4. d.  TBD 

3.4. e.  H:  To  be  prescribed 

a:  To  be  prescribed 

3.4. f.  See  attachaent 

3.4. g.  TBD 

3.4. h.  Designed  to  be  fully  autosated 

3.5.  a.  RMS  difference  between  theory  and  exp.  at 

control  points,  equal  weights. 

3.5.  b.  User  selected  pressure  change  threshold 

3.5. C.  To  be  Deterained  for  P  and  0  using  linear 

WIAC  aethods 

3.5. d.  TBD 

3.5. e.  Not  used.  Iteration  continues  until  figure 

of  aerit  shows  no  further  iaproveaent 

3. 6.  a.  Linear  UIAC  aethods  to  be  used 

3.6.  b.  TBD 

3.7. b.  NACA  0012 

Blockage  3  % 

C/H  0.25 
H  range  TBD 
a  range  TBD 

3.8.  a.  Axial  Mach  distribution  to  be  aeasured  with 

LV  and  static  pressure  pipe  along  tunnel 
centerline. 

3.e.b.  TDD 

3.8. C.  Large  data-base  of  pressure  distributions 

available  for  coaparison 

3.8. d.  TBD 

3.8. e.  TBD 

3. 9.  a.  Not  applicable 

3.9. b.  Not  applicable 

3.9. C.  TBD 

3.9. d.  TBD 
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3.9. e.  Results  to  be  coapared  to  TSFOIL  and  other 

nuaerical  siaulations. 

3. 10.  a.  1.  SCHAIRER,  "Hethods  for  Assesslns  Uall 

Interference  in  the  Two-by  Two-Fcot 
Adaptlve-Uall  Wind  Tunnel*',  NASA  TH  66252, 
June  1986. 

2.  HORGAN  and  LEB,  "Construction  of  a  Two 
by  Two  Foot  Transonic  Adaptive-Mall  Test 
Section  at  the  NASA  Aaes  Research  Center. 
AIAA  Paper  66  -  1089.  May  1986. 

3.  SCHAIRER,  "Tuo-Dlaenslonal  Mind-Tunnel 
Interference  Froa  Neasureaents  on  Two 
Contours",  J.  of  Aircraft,  Vol  21,  No  6, 
June  1964. 

4.  DAVIS.  S.S.,  "Applications  of  Adaptive- 
Mall  Mind  Tunnels"  J.  of  Aircraft,  Vol  23. 
no  2,  FEB  1986. 

5.  DAVIS,  S.S.,  "The  Evolution  of  Adaptive- 
Mall  Mind  Tunnels".  NASA  TM  64404,  Sept. 
1983. 

3.10. b.  Contribution  to  "Adaptive-Mall  Newsletter" 

No  4  (Feb  1967) 
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1.1  BXPtRIHENTAL  TBCHNIQUBS  BRANCH,  NASA  LANGLEY 
RESEARCH  CENTER,  HAMPTON,  VIRGINIA.  USA 

1.2  Dr.  Stephen  Holf,  Nail  Stop  287,  NASA  Langley 
Research  Center,  Haapton,  Virginia  23665-5225. 
USA.  Tel. (804) -665-4607.  Telex . 823405 . 
Fax. (804) -665-2300. 

1.3  0.3  a  Transonic  Cryogenic  Tunnel  (TCT). 

1.4  Research  and  production  type  testing. 

1.5  Active 

2.1  Continuous;  Closed  Return;  Cryogenic; 
Preaeurized 

2.2  0.33  a  square,  1.417  a  long 

2.3  Nach  0.2  to  1.1;  Unit  Reynolds  nuaber  up  to 
328  ailllon  per  aster 


3. 4.  a.  laperaeable;  flexible  top  and  bottoa  walls, 

rigid  sidewalls. 

2.4.  b.  Uall  deforaation. 

2.5. a.  2D  tests,  aodel  supported  between  rigid 

sidewalls. 

2.5.  b.  Pressures  and  wake  survey. 

2.5. C.  Adaptation  <  2  ainutes;  Model  data  <  20 

seconds:  Make  Survey  <  5  ainutes. 

3.1.  a.  Effective  test  section  boundary  shape. 

3.1. b.  Static  pressures  on  the  floor  and  ceiling 

(Variables  0)  -  16  per  wall  on  the  tunnel 
centerline:  Position  relative  to  the  fixed 
upstreaa  end  of  the  walls  in  inches: 

4.75.10.5.15.5.19.5.22.5.24.5.26. . 27.5.29. . 

30.5.32. . 33.5.35.5.37.5.39.5.42.5.46.5. 

51.5; 

Accuracy  :  i  0.25  %  of  reading  (0  to  20 
PSD 

Independence:  Aerodynaaically  linked 

together: 

Redundancy:  None. 

Local  wall  deflections  at  each  of  the  Jack 
locations  (Variables  X)  -16  per  wall; 
Position  as  for  the  static  pressure 
aeasureaents ; 

Independence:  Saall  aechanical 

interactions ; 

Redundancy:  None. 

3.1. C.  Static  pressure  values  are  tiee  averaged. 

Also  these  pressures  are  interpolated  to 
detersine  static  pressure  values  sidway 
between  wall  Jacks  during  the  uall 
adaptation  coeputations . 

3. 2.  a.  2D,  Linearised.  Saall  wall  slopes. 

3.2.  b.  Local  wall  slope  and  local  static  pressure 

on  the  floor  and  ceiling. 

3.2. C.  Analytical  adjustaent  of  external  flow 

field  pressures  on  each  uall  shape  froa  one 
iteration  of  the  adaptation  process  to  the 
next.  Range  of  application  is  liaited  to 
where  the  local  wall  Mach  nuaber  is  near 
sonic  with  the  flexible  walls  adapted  or 
nearly  adapted.  Uith  a  test  section 
height/chord  ratio  of  1.5,  free  stress  Mach 
nuaber  is  restricted  to  about  0.85.  (Note 
suitable  external  flow  field  calculations 
to  raise  this  Nach  nuaber  restriction  to 
Nach  1.0  are  available  when  this  becoaes 
necessary . ) 

3.2. d.  New  external  flow  field  pressure 

distribution  used  with  the  predicted  wall 
shape  (Variables  X)  for  the  next  iteration 
of  the  adaptation  process. 

3.2. e.  Hodcoap  Classic  IV  (CPU-A)  aini-coaputer; 

CPU  tiae  CPU  tiae-  Unaeasurable  (nano¬ 
seconds). 

3. 3.  a.  Autoaatic  selection  of  experiaental  wall 

shapes  froa  a  wall  library,  or  calculation 
of  potential  flow  uall  shapes  based  on 
expected  aodel  lift  and  drag  coefficients, 
or  aerodynaaically  straight  walls.  These 
initial  wall  shapes  are  available  for  any 
test  swsep. 

3.3. b.  Autoaatic  selection  of  wall  shapes  based  on 

operator  entered  setup  paraaeters,  i.e.  a, 
N  and  Rc. 

3.3.  c.  Test  section  always  active. 
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3. 4.  a.  Variable  0  >  Local  wall  static  pressure 

Variable  P  -  Local  wall  slope 
Variable  X  •  Local  wall  deflection 

3.4. b.  20;  Linearised;  Saall  wall  slopes;  Each 

wall  analyzed  separately. 

3.4. C.  We  refer  to  the  influence  coefficients  as 

couplint  factors  and  scallnc  factors,  which 
we  detersine  experiaentally. 

3.4. d.  Coupllns  factors:  35  %  of  one  wall 

Boveaent  fed  into  the  other  wall. 

Scanlinc  factors:  80  X  of  the  predicted 
wall  sovesent  used. 

3.4. e.  The  free  stress  Hach  nusber  (H)  is  eeasured 

at  the  test  section  entrance.  The  lodel 
ancle  of  attack  is  aeasured  c^Mtrically 
relative  to  the  tunnel  centerline. 

3.4. f.  See  attached  sheet  nusber  1 

3.4. C.  Usually  one  or  two  iterations  are  required. 

3.4. h.  Cosplete  aut^ation  used  for  production 

type  tests. 

3. 5.  a.  The  control  surface  figure  of  serit  we 

refer  to  as  streaslining  quality.  We  assess 
this  streaslining  quality  by  the  sagnitudes 
of  the  Bodulus  of  the  local  Cp  error  along 
each  wall,  the  Induced  angle  of  attack  at 
the  Bodel  leading  edge,  Induced  caster 
along  the  sodel  chord  line  and  the  averaged 
induced  velocity  along  the  sodel  chord 
line. 

3.5. b.  The  prediction  of  new  wall  shapes  is  based 

on  the  isbalance  of  the  internal  and 
external  pressure  distributions  along  the 
floor  and  ceiling. 

3.5. C.  Modulus  of  the  local  Cp  error  <  0.01 

(Calculated  fros  already  known  pressure 
distributions)  Induced  angle  attack  <  O.OIS 
degree  (Calculated  fros  wall  pressure 
loadings)  Induced  casber  <  0.07  degree 

(Calculated  fros  wall  pressure  loadings) 
Average  induced  Cp  error  <  0.007 

(Calculated  fros  wall  pressure  loadings) 

3.5. d.  No  sodel  seasuresents  used  during  the 

adaptation  process. 

3.5. e.  Nusber  of  iterations  not  fixed.  However  the 

control  systes  will  alert  the  operator  to  a 
convergence  probles  if  sore  than  8 
iterations  are  attapted  in  an  adaptation 
process . 

3. 6.  a.  Each  wall  is  represented  as  a  vortex  sheet 

in  a  unifors  potential  flow  field. 
Linearised  theory  is  then  used  to  calculate 
the  induced  effects  of  this  wall  vorticity 
at  the  sodel  location.  The  range  of 
application  is  the  sase  as  for  external 

flow  calculations,  i.e.  when  the  walls  are 
near  sonic  either  adapted  or  nearly 

adapted . 

3.6.  b.  He  use  the  residual  Interferences  to  decide 

when  to  stop  the  adaptation  process.  The 
residual  interferences  at  the  end  of  an 
adaptation  process  are  considered 

acceptably  snail.  No  classical  type 

corrections  are  applied  to  the  sodel  data. 

3. 7.  a.  Ton  2-D  airfoils. 

3.7. b.  NACA  0012;  blockage  -  6  X;  chord/height 

ratio  •  0.5;  H  range  0.3  to  0.7g;  o  range 


-  6*  to  0.5*;  Rc  range  3  Billion  to  30 
Billion. 

NACA  0012;  blockage  >  12  %■,  chord/height 
ratio  s  1.0;  M  range  0.5  to  0.76;  a  range 
>2*  to  6*:  Rc  range  6  Billion  to  15 

Billion. 

CAST  10;  blockage  %  12  X  ;  chord/height 
ratio  «  0.75;  H  range  0.3  to  0.8;  a  range 
-2.3*  to  11.5*;  Rc  range  6  Billion  to  73.4 
Billion. 

CAST  10;  blockage  «  12  X;  chord/height 
ratio  *0.54;  H  range  0.7  to  0.6;  a  range 
-1*  to  6.9*:  Rc  range  4  slllion  to  45 

Billion. 

Advanced  Casbered  Airfoils;  blockage  -  12 
X;  chord/height  ratio  -  0.46;  M  range  0.3 
to  0.775;  a  range  -9*  to  11*;  range  3 
Billion  to  24  Billion. 

3. 6. a.  EBpty  tunnel  calibration  over  H  range  0.25 
to  0.95  and  Rc  range  10  Billion  to  100 
Billion  per  foot. 

3.8. b.  Hach  nuBber  variations  of  the  order  0.004 

in  the  espty  test  section  up  to  about  Hach 
0.8.  Turbulence  data  is  being  analyzed. 

3.8. C.  We  carried  out  extensive  validation  tests 

with  the  NACA  0012  and  CAST  10  airfoils 
described  in  answer  3.7.b. 

3.8. d.  Repeatability  of  the  order  O.OOl  in  noraal 

force  coefficient  (Cn)  and  .0005  in  drag 
coefficient  (Cd)  is  possible.  We  have  aany 
data  coBparisons  when  Bodels  were  re¬ 
installed  in  the  tunnel  for  nuserous 
reasons . 

3.e.e.  Our  test  envelope  is  currently  bounded  by 
hardware  lisitations  which  are  very 
dependent  on  the  Bodel  under  test.  However, 
we  have  published  a  test  envelope  for  a 
chord/height  ratio  of  0.71,  as  shown  on 
sheet  nusber  2.  Production  testing  and 
research  testing  envelopes  are  different 
because  the  levels  of  operator  experience 
detersine  which  hardware  problems  restrict 
the  envelope.  The  lowest  possible  level  is 
assused  for  production  testing. 

3. 9.  a.  N/A 

3.9.  b.  Very  sBall  effects  observed  in  data 

reduction.  0.3  -b  TCT  data  is  corrected  for 
real  gas  effects  using  the  Beattie  - 
Brldgesan  equation  of  state  for  nitrogen 
gas. 

3.9. C.  The  spanwise  variation  of  the  sodel  wake  is 

ssall  for  Boderate  lifts,  indicating  good 
2-D  flow  in  the  test  section.  Preliainary 
tests  using  passive  sidewall  boundary  layer 
control  indicate  that  the  saxlBUB  lift  of  a 
2-D  BOdel  say  be  sensitive  to  sidewall 
boundary  layer  effects.  However.  good 
coBparisons  of  data  fros  different  chord 
Bodels,  with  the  saae  section,  strongly 
indicates  that  the  sidewall  boundary  layer 
effects  are  Blnisized  in  a  shallow  adaptive 
wall  test  section. 

3.9. d.  Sheet  nusber  3  shows  a  coBparlson  of 

uncorrrected  data  froa  the  0.3  -b  TCT 
adaptive  wall  test  section  and  the  0.3  -b 
TCT  ventilated  test  section.  The  Bodel 
section  is  CAST  10.  The  chord/height  in  the 
flexible  walled  test  section  Is  0.S4  and  in 
the  slotted  walled  test  section  is  0.127. 
The  data  sets  are  quite  different  in  terBs 
of  lift  curve  slope  and  Baxiaua  lift 
despite  the  saall  size  of  aodel  used  in  the 
slotted  walled  test  section. 
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3.9. e.  We  used  flow  sisulations  to  check  our  wall 

adjusteent  software.  Control  concepts 
cannot  be  slsulated  with  flexible  walled 
test  sections  since  all  the  wall  adiusteent 
procedures  are  theoretically  so-called  One- 
Step  aethoda.  Experisental  evaluation  of 
all  these  procedures  proves  iterations  are 
necessary  in  the  adaptation  process  because 
the  Bodel  flow  field  changes  for  each 
iteration.  The  wall  adjustaent  procedures 
cannot  take  this  in  to  account  without 
detailed  knowledge  of  the  aodel.  indeed  if 
we  had  this  detailed  knowledge  there  would 
be  no  need  to  carry  out  a  wind  tunnel  test 
of  the  aodel  in  the  first  place. 

3. 10.  a.  See  the  subject  index  in  Nasa  TM-a7639  for 

0.3  -a  TCT. 

3.10. b.  Ladson  C.L.:  and  Ray  E.  J.:  Evolution. 

Calibration,  and  Operational 

Characteristics  of  the  Two-Oiaensional  Test 
Section  of  the  Langley  0.3  -Meter  Transonic 
Cryogenic  Tunnel.  NASA  TP-2749.  Septeaber 
1987.  l'»0  pp. 

Hineck  R.E.:  Wall  Interference  Tests  of  a 
CAST  10-2/DOA  2  Airfoil  in  an  Adaptive  Wall 
Test  Section.  NASA  TH-401S.  Deceaber  1987. 
98  pp. 

Wolf  S.  W.  0.  :  Evaluation  of  a  Flexible 

Wall  Testing  Technique  to  Hinialze  Wall 
Interferences  in  the  NASA  Langley  0.3  -a 
Transonic  Cryogenic  Tunnel.  AlAA  Paper  88- 
0140.  Presented  at  the  AIAA  26th  Aerospace 
Sciences  Meeting.  Reno,  Nevada.  January  11- 
14.  1986  11  pp. 

3.10. C.  None 

4 . 1  None 

4.2  We  plan  to  install  a  3-D  aodel  support  systea 
into  the  0.3  -a  TCT  during  April  1988.  An 
iaproved  contraction  is  planned  for  later  in 
1986.  New  flexible  walls  with  increased 
flexibility  and  aore  pressure  tappings  are 
planned. 

A  new  drag  rake  systea  is  being  proposed. 

4.3  Further  investigate  effects  of  sidewall 

boundary  layer  control  for  2-D  testing,  as 

part  of  the  continuing  study  of  residual 

interferences.  Evaluate  existing  procedures 
for  2-D  testing  close  to  Mach  l.O. 

Add  to  the  already  extensive  docuaentation  of 
the  adaptive  wall  systea  to  allow  easier  use 
of  the  testing  technique  by  any  wind  tunnel 
user. 

Evaluate  3-0  testing  in  the  0.3  -a  TCT 

adaptive  wall  test  section. 

4.4  Coaplete  CAST  10  tests  as  part  of  ONERA, 

DFVLR.  NAE  and  NASA  agreeaents .  with  iaproved 
flexible  walls,  we  hope  to  expand  our 

validation  testing  of  large  aodels 
(chord/heifbt  ratio  «  1.0).  Priaarily.  we  will 
carry  out  3-D  validation  teste  with  well  known 
aodels. 

4.5  We  will  be  using  the  tunnel  for  nuaerous 
research  prograas  not  directly  related  to  use 
of  adaptive  walls,  i.e  aodel  surface  finish 
and  cryogenic  aodel  technology  investigations. 


ADDITIONAL  DETAILS  ABOUT  3-0  TESTING 

1.2  Dr.  Rainer  Rebstock,  Mail  Stop  287,  NASA 
Langley  Research  Center  Haapton,  Virginia 
2366S-S22S.  U.S.A.  Tel.  (804) -665-4074  Telex 
623405,  Telefax  (604) -865-2300 

2. 5.  a.  Half  aodel  aounted  on  side-wall.  3-D  sting 

support  will  be  installed  in  1988 

2.5.  b.  Model  forces,  wall  pressures 

2.5. C.  Inforaation  will  be  available  4/88  (first 

3-D  test). 

3.1.  a.  Streaatube  foraed  by  the  aerodynaaically 

straight  walls,  extended  downstreaa  by  half 
the  test  section  length 

3.1. b.  Variable  X  ;  wall  deflection  at  each  Jack 

location  (le  per  wall) 

Variable  P  :  Local  wall  slope 
Variable  O  ;  static  pressure  aeasured  .^n  7 
rows  of  orifices  (3  rows  on  both  top-and 
bottoB  walls,  1  row  on  sidewall)  16 
orifices  per  row  at  Jack  locations. 

3.1. C.  Variables  P  and  Q  extrr>polated  downstreaa 

in  keeping  with  the  length  of  the  control 
surface 

3.2  The  wall  adaptation  for  a  3-D  aodel  in  a  2-D 
adaptive  wind  tunnel  does  not  follow  the 
procedure  outlined  in  the  Questionnaire.  The 
strategy  is  as  follows: 

In  a  first  step,  the  wall  interference 
(blockage  and  upwash)  is  coaputed  along  the 
aodel  axis.  The  linearized  3-D  potential 
equation  is  solved  with  the  aeasured  variables 
P  and  0  as  a  boundary  condition.  A 
representation  of  the  tested  aodel  is  not 
required.  The  adartation  of  the  top  and  bottoa 
walls  is  aiaed  at  elialnating  the  wall 
interference  at  the  aodel  axis.  That  is.  the 
deflections  are  calculated  so  as  to  produce 
equal  but  opposite  blockage  and  upwash 
velocities  at  the  aodel  axis.  Again,  linear 
potential  flow  (2-D  equation)  is  assuaed. 

3.2. C.  Nuaerical;  M  <  1  at  the  walls. 

3.2. d.  Wall  slope;  integrated  to  obtain 

deflections  at  jack  positions. 

3.2. e.  MlcroVax  II;  30s. 

3. 3.  a.  Adapted  contour  for  siailar  flow  case 

obtained  froa  wall  library 

3. 4.  a.  P  :  wall  slope 

0  :  wall  static  pressure 

X  :  wall  deflection 

3.4. f.  See  attached  sheet  nuaber  4 

3.4. h.  Fully  autoaated;  aanual  input  required  to 

stop  wall  adaptation 

3.5. C.  Residual  Mach  nuaber  interference  and 

induced  absolute  angle-of-attack  are 

calculated  along  the  1/4  chord  line.  Their 
absolute  values  and/or  gradient  in  spanwise 
direction  will  be  used  to  assess  the 

quality  of  the  wall  adaptation.  No 
particular  llaita  have  been  deterained  yet. 

3. 6.  a.  Wall  interference  assessaent  in  the  aodel 

region  la  part  of  the  wall  adaptation 
algorltha  (see  above). 


3.6.b.  Averaged  values  of  A  a  and  AH  are  used  to 
correct  the  freestreaa  paraaetere. 
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3.7  No  test  so  far.  A  side-uall  sounted  ulnf  will 
be  tested  in  March  88.  Uing  span  Is  50  %  of 
test  section  width. 

3.i0.b.  Rebstock,  R. :  Procedures  for  Cosputing 
Transonic  Flows  for  Control  of  Adaptive 
Wind  Tunnels  NASA  TM  88530,  Jan.  1987. 

Rebstock.  R.:  Capabilities  of  Hind  Tunnels 
with  Two  Adaptive  Walls  to  Minisize 
Boundary  Interference  in  3-D  Model  Tests 
Paper  prepared  for  the  Transonic 
Sysposlus,  to  be  held  at  NASA  Langley 
Research  Center,  April  1988. 

4.2  Installation  of  sting  support  in  test  section. 
Tests  with  Space  Shuttle  orbiter  sodels  in 
Susser  88. 

4.3  Developsent  of  a  strategy  for  near  sonic  Mach 
nusbers  when  the  supersonic  flow  regions 
extend  to  the  tunnel  walls. 


1.1  ADAPTIVE  WALL  TUNNEL  -  PART  OF  SVERDRUP 
TECHNOLOGY.  ERGINEERINC  DIVISION  FACILITIES 
LOCATED  AT  ENGINEERING  OFFICES.  600  WILLIAM 
NORTHERN  BLVD. 

TULLAHOHA.  TENNESSEE 

1.2  Contacts: 

Dr.  Michael  O.  Varner,  Manager  Advanced 
Engineering  Applications  Branch 
600  willias  Northern  Blvd. 

P.O.  Box  884 

Tullahosa,  Tennessee  37386 
Phone  (615)  455-6400.  ext.  402 

1.3  AHAT  (Adaptive  Wall  Autoiotlve  tunnel) 

1.4  Pilot  and  research  facility  for  autosotive 
testing 

1.5  Inactive  -  sost  recent  tests  conducted  in 
March  1967 

2.1  Open  return  circuit 

2.2  Rectangular  test  section,  0.305  sH  0.61  sW 
2.44  sL 

2.3  0.05  <  1<  0.20,  1*10*  <  R^  /S  <  4*10* 

2. 4.  a.  Isperseablei  12  longitudinal,  individually 

contourable  flexible  slats  covering  sides 
and  top  walls.  Flat  floor. 

2.4. b.  Flexible  slats  contoured  by  17  eanually  set 

screw  Jacks  per  slat. 

2. 5.  a.  30  testing  of  bluff,  non-lifting  bodies. 

Test  sodels  rigidly  fixed  to  floor. 

2.5. b.  Model  pressure  seasuresents,  flow  field 

angularity  and  pitot  pressure. 

2.5. C.  One  wall  iteration  requires  sa.mal 

adjustsent  of  204  Jacks,  approxisately  2 
hours;  Bodel/wall  pressure  data  taken  with 
scanivalve  systes,  approxisately  1  sinute. 

3.1.  a.  Rectangular,  fixed  control  surface  based  on 

undeflected  wall  position, 

3.1. b.  204  first  order  quadrilateral  panels  are 

used  to  sodel  the  exterior  flow  (influence 
coefficients).  Measured  quantities  on  walls 
are  slat  pressures  and  slope.  These  are 
converted  to  streaswise  and  norsal  slat 


surface  velocity  consistent  with  ssall 
deflection  theory.  The  interior  slat 
streaswise  velocity  is  cosbined  with  the 
influence  coefficients  to  yield  the 
exterior  norsal  velocity  at  the  slat 
surface.  Relaxation  is  used  to  cosbine  the 
exterior  and  interior  norsal  velocities 
yielding  the  updated  slat  norsal  velocity. 
The  norsal  velocities  are  streaswise 
integrated  to  yield  the  updated  slat 
position.  Iteration  is  continued  until  the 
exterior  and  interior  norsal  velocities  at 
each  jack  location  converge.  In  the 
indicated  nosenclature, 

P  ^  Norsal  velocity  at  each  Jack  station 
0  Streaswise  velocity  at  each  jack 
station,  evaluated  fros  slat  pressures 
X  ^  Slat  position  relative  to  undeflected 
(straight  wall)  condition. 

3.1. C.  Pressure  data  ssoothed  using  averaging  of 

10  sasples,  wall  position  data  fit  with 
cubic  spline. 

3. 2.  a.  3D.  floor  is  plane  of  syssetry 

3.2. b.  See  3.1.6. 

3.2. C.  Analytical  evaluation  of  influence 

coefficient  using  low  order  panel  sethod. 
incospressible. 

3.2. d.  See  3.1.6. 

3. 3.  a.  Convergence  started  fros  deforsed  or 

straight  wall  positions. 

3.3. b.  No  input  required  fros  sodel  seasuresents. 

3.3. C.  Rectangular  test  section. 

3. 4.  a.  See  3.1.6. 

3.4. b.  Exterior  flow  defined  by  source 

distribution  over  panel  representation  of 
test  section  walls.  Ssall  perturbation 
assusption  applied  so  that  Influence 
coefficients  are  calculated  only  once  for 
undeflected  wall  position. 

3.4. C.  Influence  functions  detersined  analytically 

as  in  3.4.b. 

3.4. d.  o>  ^  .07  detersined  by  analytic  experisents. 

3.4. e.  Free  stream  values  based  on  test  section 

entrance  pressures.  No  corrections  applied. 
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3.4. g.  3  to  7  iterations. 

3.4.  h.  Only  data  acquisition  is  autosatlc. 

3.6.  a.  3D  adaptation  for  3D  tests. 

3.6. b.  Model  . 

3. 7.  a.  3. 

3.7. b.  3D  articles:  10,  20.  30  X  bluff  body 

blockage  car  sodels . 

3. 6.  a.  Boundary  layer  profiles  at  nozzle  exit. 

CHR  test  section  exit. 

3.6.  b.  No  flow  quality  eeasureBents  sade  to  date. 

3.8.  c.  Interference  free  envlronsent  conflraed  by 

coeparison  of  flow  angularity.  wall 
position  and  exterior  flow  calculations  for 
10  and  20  percent  blockage  sodels. 

3.9. d.  Results  of  adapted/unadapted  are  provided 

in  Reference  1  paper  (Section  3. 10. a). 

3.9. e.  Nuserical  sisulations  on  control  are 

discussed  in  Reference  1  paper  (Section 

3. 10. a). 

3. 10.  a.  Uhltfleld,  J.D. .Jacocks,  J.L..  Dietz,  U.E. 

and  Pate.  S.R.  **Desanstratlon  of  the 
Adaptive  Wall  Concepts  Applied  to  an 
Autoaotive  Wind  Tunnel,"  SAE  paper  620373. 

3.10. b.  Starr,  Rogers  f.  and  Varner,  M.O. 

"Application  of  Adaptive  Wall  to  Hlgh-Lift 
Subsonic  Aerodynanlc  Testing  •  An 
Engineering  Evaluation",  AIAA  paper  64- 
0626. 

4.3  Plans  are  now  underway  to  iaplesent  the  "one 
step"  algoriths  in  the  adaptive  wall  control 
algoriths. 

4.4  Sensitivity  studies  were  conducted  in  early 
1967  to  define  wall  position  and  pressure 
■easuresent  sensitivity  requiresents  for  the 
adaptive  wall  process.  Analysis  of  the  results 
should  be  cospleted  during  1968. 


Infinite  Flow  Streamlining 


CAST  10  Airfoil  Data 


Mach  s  0.765  ;  Rc  »  4  milHon  ;  Transition  Tixad 


Angle  of  Attock,  degrees 

0.3-m  TCT  2-D  Test  Envelope 

Estimoted  for  Combered  12%  Airfoils  (h/c  >  1.4) 


WALt  ADAPTATION  FLOW  CHART 

J-O  MODEL  IN  TEST  SECTION  HTTH  rLtXIILt  TOf-  AMD  iOTTOM  WALLS 


CPU-A  EvMt  riov  Chort 


AGARD  Advisory  Repon  No.269  AGARD-AR-269  AGARD  Advisory  Report  No.269  AGARD-AR-269 


techniques;  assesses  residual  wall  interferences;  presents  the  prospects  for  techniques;  assesses  residua)  wall  interferences;  presents  the  prospects  for  high* 


